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ABSTRACT 

 

Alzheimer’s disease (AD) is the most prevalent neurological disorder associated with 

global population ageing. Amyloid β (Aβ) peptides are established hallmarks of AD. In the last 

years, the oligomeric forms of Aβ have drawn attention in this research field, as there is 

cumulative evidence showing that these oligomers are the most neurotoxic forms of Aβ. 

Dysregulation of intracellular cytosolic calcium (Ca2+) homeostasis has been observed in AD, and 

it has been suggested that alterations in Ca2+ signaling could be an early event of AD 

pathogenesis. A previous work of our laboratory showed that calmodulin (CaM), which is highly 

expressed in neurons, has high affinity for neurotoxic Aβ peptides (dissociation constant (kD) ≈ 

1 nM).   

Novel molecular mechanisms in Aβ(1-42) neurotoxicity derived from the complexation 

of Aβ(1-42) by CaM are critically evaluated and discussed in this Ph.D. thesis, aiming to identify 

early biomarkers that trigger the initiation of the progression of Aβ(1-42) peptide brain 

neurotoxicity and neurodegeneration; and to develop novel strategies to afford protection 

against neurodegenerative processes related to overproduction of neurotoxic Aβ peptides in the 

brain. To reach this major objective, we have performed the following experimental works: (1) 

to study the impact of the Aβ(1-42) peptide internalized after a short time incubation on the 

dysregulation of Ca2+ homeostasis in cultured neurons; (2) to identify the main Ca2+ transport 

systems that are responsible for controlling the resting cytosolic Ca2+ concentration ([Ca2+]i) in 

these neurons in culture, and study their modulation by the Aβ(1-42) peptide; and (3) to find a 

protective agent that efficiently prevents neurotoxic Aβ peptides overproduction in the brain of 

an animal model developing a neurodegenerative pathology.  

With cerebellar granule neurons (CGN) we have demonstrated the formation of 

complexes between internalized Aβ(1:42) and CaM, and extensive co-localization of CaM and 

Aβ(1–42) in plasma membrane neuronal lipid rafts submicrodomains. In addition, short time 

incubation (2 h) with Aβ(1-42) elicited an early decrease of the resting [Ca2+]i of mature CGN, 

due to the inhibition of L-type calcium channels (LTCC), the main Ca2+ transport system 

responsible for the control of resting [Ca2+]i in mature CGN in a partially depolarizing medium.  

After identification of the main Ca2+ transport systems responsible for the control of 

resting [Ca2+]i in HT-22 cells, we found that short time treatment with Aβ(1-42) produces an early 

decrease in the influx of Ca2+ through the inhibition of purinergic receptor, subtype 7 (P2X7R). 

In addition, we observed that internalized Aβ(1-42) is focalized near the perinuclear region of 

HT-22 soma up to 5 h incubation, and that induced a decrease in the store-operated Ca2+ entry 
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(SOCE) mechanism, through the modulation of the endoplasmic reticulum (ER) proteins STIM1 

(stromal interaction molecule 1) and ligand-gated Ca2+ channels ryanodine receptors (RyR) and 

the inositol 1,4,5-trisphosphate receptor (IP3R).  

Finally, intraperitoneal (i.p.) co-administration to Wistar rats of a kaempferol dose that 

prevented severe neurological impairment induced by acute treatment with 3-nitropropionic 

acid (NPA), also efficiently inhibited the generation of neurotoxic Aβ peptides in the striatum 

and hippocampus, and completely inhibited the overexpression of brain pro-inflammatory 

markers (C3α-fragment of complement protein component C3, cytokines and complement 

protein component 1q (C1q) that induce the generation of reactive A1 astrocytes and nuclear 

factor kappa B (NF-kB)).    
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RESUMEN 

 

La enfermedad de Alzheimer (AD) es la disfunción neurológica más prevalente asociada 

al envejecimiento de la población humana. Los péptidos amiloides (Aβ) son biomarcadores 

ampliamente aceptados de la AD. Durante los últimos años, los estados oligoméricos de Aβ han 

focalizado la atención en este campo de investigación, porque se han acumulado numerosas 

evidencias mostrando que estos oligómeros son las formas más neurotóxicas de Aβ. La 

desregulación de la homeostasis del calcio (Ca2+) citosólico intracelular ha sido reportada en AD, 

y se ha sugerido que alteraciones de la señalización de Ca2+ podría ser un evento temprano en 

la patogénesis de AD. Un trabajo previo de nuestro laboratorio demostró que la calmodulina 

(CaM), que se expresa a concentraciones elevadas en neuronas, tiene una elevada afinidad por 

péptidos Aβ neurotóxicos (constante de disociación ≈ 1 nM). 

 Nuevos mecanismos moleculares en la neurotoxicidad de Aβ(1-42) derivados de la 

formación de complejos de Aβ(1-42) con la CaM son críticamente evaluados y discutidos en esta 

tesis doctoral, con el objetivo de identificar los biomarcadores tempranos que disparan el inicio 

de la progresión de la neurotoxicidad y neurodegeneración cerebral, y también para desarrollar 

nuevas estrategias que protejan contra los procesos neurodegenerativos relacionados con la 

sobreproducción de péptidos Aβ neurotóxicos en el cerebro. En aras a alcanzar este objetivo 

global, se han desarrollado los siguientes trabajos experimentales: (1) estudio del impacto del 

péptido Aβ(1-42) internalizado después de un tiempo corto de incubación en la desregulación 

de la homeostasis del Ca2+ en cultivos de neuronas; (2) identificación de los principales sistemas 

de transporte de Ca2+ que son responsables del control de la concentración citosólica del Ca2+ 

([Ca2+]i) en estos cultivos de neuronas; y (3) búsqueda de un agente protector que prevenga 

contra la sobreproducción de péptidos Aβ neurotóxicos en el cerebro de un modelo animal de 

una patología neurodegenerativa. 

 En neuronas granulares del cerebelo (CGN) hemos demostrado la formación de 

complejos entre Aβ(1:42) internalizado y CaM, así como la extensiva co-localización de CaM y 

Aβ(1:42) en los submicrodominios de tipo ‘raft’ lipídicos de la membrana plasmática neuronal. 

Además, la incubación con Aβ(1-42) de corta duración (2 h) produjo una disminución temprana 

de la [Ca2+]i, debido a la inhibición de los canales de calcio de tipo L (LTCC), que son el principal 

sistema de transporte de Ca2+ responsable del control de la [Ca2+]i en ausencia de estímulo de 

las CGN en un medio parcialmente despolarizante. 

 Tras la identificación de los principales sistemas de transporte de Ca2+ responsables del 

control de la [Ca2+]i en las células HT-22, hemos encontrado que el tratamiento de corta duración 
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con Aβ(1-42) produce una disminución temprana del influjo de Ca2+ a través del subtipo 7 del 

receptor purinérgico (P2X7R). Además, hemos observado que el Aβ(1-42) internalizado está 

focalizado cerca de la región perinuclear del soma de las células HT-22, hasta 5 h de incubación 

con Aβ(1-42), y que produce una atenuación del mecanismo de entrada de Ca2+ operado por el 

vaciado de depósitos intracelulares (SOCE), a través de la modulación de las proteínas del 

retículo endoplasmático STIM1 (stromal interaction molecule 1) y de los canales de calcio 

operados por ligando: receptores de rianodina (RyR) y receptores de inositol 1,4,5-trisfosfato 

(IP3R).  

Finalmente, la co-administración intraperitoneal (i.p.) de dosis de kaempferol que 

previenen las disfunciones neurológicas severas inducidas por el tratamiento agudo con el ácido 

3-nitropropiónico (NPA), también inhiben eficientemente la generación de péptidos Aβ 

neurotóxicos en el estriado y en hipocampo y completamente inhiben la sobreexpresión en el 

cerebro de los biomarcadores proinflamatorios (fragmento C3α de la proteína del complemento 

C3, citoquinas y proteína del complemento C1q implicadas en la inducción de astrocitos 

reactivos de tipo A1 y factor nuclear kappa B (NF-kB)).  

  

  



17 
 

OBJECTIVES 
 

 

The main objective of this Ph.D. thesis is to identify early biomarkers that trigger the 

initiation of the progression of Aβ(1-42) peptide brain neurotoxicity and neurodegeneration; 

and develop novel strategies to afford protection against neurodegenerative processes 

developing with overproduction of neurotoxic Aβ peptides in the brain. 

 To successfully achieve this major objective, the following concrete aims should be 

accomplished: 

(1) To study the impact of the Aβ(1-42) peptide internalized after a short time 

incubation on the dysregulation of Ca2+ homeostasis in cultured neurons; 

(2) To identify the main Ca2+ transport systems that are responsible for the control of 

the resting cytosolic Ca2+ in these neurons in culture, and study their modulation by 

the Aβ(1-42) peptide. 

(3) To find a protection agent that efficiently prevents neurotoxic Aβ peptides 

overproduction in the brain of an animal model developing neurodegenerative 

pathologies.  
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   INTRODUCTORY OVERVIEW OF THE THESIS 

 

This section introduces to the reader the main structure of this Ph.D. thesis as well as it 

gives an approach of the main context of each Chapter and explain the integrative work 

presented in this work.  

The core of this Ph.D. thesis is composed by four chapters (Chapter 1-4). The work is 

presented as a compendium of published articles, with the exception of Chapter 3, for which 

the manuscript is being prepared for publication at the time of the delivery of the thesis. Chapter 

1 is an extract of a Review article, which includes an abstract that recapitulates the main key 

points that are discussed in the state of the art of the review and a conclusions section that 

outline the most relevant information needed for a better contextualization of the experimental 

work of this Ph.D. thesis. Then, each chapter (Chapter 2-4) includes an abstract with a defined 

hypothesis of the study and a brief summary of the main experimental findings, an introduction 

section that reviews the state of the art of the main relevant aspects of the study, the material 

and methods section of the experimental work, a results section, and finally a discussion section 

where the results are analyzed and integrated in the context of the existing literature, followed 

by a final conclusion regarding the significance of the study and the potential impact of the 

research in the field.  

The work presented on this thesis focused on two major goals. The first goal is the 

identification of early molecular mechanisms and primary major targets that are associated with 

the initiation of neuropathologies, as there is an urgent need for the discover of reliable 

biomarkers for the early diagnosis of neurodegenerative diseases like AD and Huntington`s 

disease (HD). The second main goal is to identify and develop novel approaches and strategies 

to afford protection against the neurodegenerative processes addressed in this work. To 

successfully accomplish these main proposed objectives, we selected different reliable 

experimental cell models and an animal model, which are used in the work included in the 

experimental chapters (Chapters 2-4). 

Chapter 1 is an introductory section that contains fundamental information for 

understanding the subsequent chapters enclosed in this thesis. The main subjects addressed in 

the first Chapter allowed to establish a bridge between chapters, where Aβ peptide is the main 

integrative factor of the presented work. In this Chapter is discussed the relevance of A 

complexation with a major neuronal protein - CaM - and the main features and consequences 

of the formation of this complex in brain degeneration in AD. It is widely known that AD is a 

progressive neurodegenerative disease and the most common cause of dementia in the world, 
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characterized by memory loss, behavioral dysfunction, and rapid cognitive decline. Despite the 

intensive years of research and the development of different hypothesis, unfortunately the 

etiology of the pathophysiology of AD is not yet fully understood. The postmortem pathological 

hallmarks of AD are well known and include the progressive accumulation of deposits of 

different fragments of the Aβ peptide and deposition of hyperphosphorylated protein tau, 

forming neurofibrillary tangles (NFT) inside neurons, leading to damage and death of neurons. 

However, in the last years, Aβ oligomers are being recognized as the most neurotoxic form of 

Aβ and its production can derive within the neuron or from adjacent neurons or reactive glial 

cells, as inflammation processes are now recognized to foster AD brain degeneration. Moreover, 

due to the cumulative experimental studies in the last decade, it has become more evident that 

dysregulation of Ca2+ homeostasis in neurons can play a major role for the initiation of AD 

pathogenesis. Nevertheless, the lack of the identification of the primary Aβ-target proteins 

linked to the functional impairment initiating cytosolic Ca2+ homeostasis is an urgent issue that 

needs to be addressed. 

CaM is an essential protein, highly expressed in the brain, that display important 

neuronal functions linked to metabolism, excitability, and intercellular and intracellular 

signaling. As demonstrated in a previous work of the laboratory, in neurons, CaM has high 

affinity for neurotoxic Aβ peptides (kD ≈ 1 nM). This finding highlights a novel function of CaM, 

i.e., the buffering of free Aβ concentrations in the low nanomolar range; and consequently, the 

protection afforded against the rise of free concentrations of neurotoxic Aβ peptides. 

Noteworthy, it has been found that CaM expression levels is significantly decreased in AD brains. 

In addition, Aβ-CaM complexation may play a major role in neuronal Ca2+ signaling mediated by 

calmodulin-binding proteins (CaMBP) by Aβ, either in sensitivity or activity modulation, and so 

far, this point has been overlooked. Therefore, in Chapter 1, the following issues are addressed 

and discussed: i) the main features of Aβ-CaM complexation in the formation of neurotoxic Aβ 

oligomers; ii) the alterations of intracellular cytosolic Ca2+ concentration induced by Aβ and iii) 

the dysfunction of Ca2+-dependent neuronal excitability and activity caused by Aβ. We 

concluded that it is of most importance to identify the primary target proteins of non-

endogenous intraneuronal Aβ, that are responsible for the initiation of the dysregulation of 

cytosolic Ca2+ homeostasis, through the following approaches: (1) to assess the total intracellular 

Aβ concentration in experiments with cell cultures reporting Ca2+ dysregulation; (2) to determine 

the dissociation constant of the direct interaction between Aβ and Aβ-CaM complexes with 

major target proteins; (3) to measure the oxidative modifications of Ca2+ channels and pumps in 

cell cultures; because it is widely accepted that Aβ stimulates intracellular reactive oxygen 
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species (ROS) production and the Ca2+ transport systems that are more important for the control 

of cytosolic Ca2+ homeostasis are extremely sensitive to cellular oxidative stress.  

In the Chapter 2 we used primary cultures of mature CGN as a neuronal model, derived 

from 7-days old Wistar rats, to study the binding of Aβ(1–42)‐CaM complexes to plasma 

membrane lipid rafts and to evaluate the changes in resting cytosolic Ca2+ homeostasis induced 

by Aβ. In this work we used the Aβ(1-42), which is the prevalent form of the Aβ peptide found 

in AD brains. In addition, the analysis of the Aβ(1-42) stock solutions used in this work, revealed 

that Aβ peptide is in the neurotoxic oligomeric state. 

Neuronal lipid rafts are crucial microdomains of the plasma membrane that play a key 

role in Aβ oligomerization and cellular uptake, leading to neuronal damage and neurotoxicity. In 

addition, CGN lipid rafts are composed by high Ca2+ sub microcompartments that are composed 

by the main transport Ca2+ systems, that binds to CaM, namely LTCCs and plasma membrane 

calcium pumps (PMCA). Therefore, CGN lipid rafts play an important role in the modulation of 

the excitability of CGN. In particular, LTCCs Ca2+ activity is fundamental for long‐term 

potentiation/depression (LTP/LTD) in neurons, by playing a major role in neuronal function, 

memory and cognition. However, the hypothesis that Aβ(1-42) can disrupt LTCC activity 

remained to be experimentally evaluated and overlooked until now. Therefore, the Chapter 2 is 

focused on the following main goals: i) to demonstrate the complexation between Aβ-CaM in 

CGN by using submicromolar concentrations of Aβ(1-42) through co-immunoprecipitation 

techniques and Fluorescence Resonance Energy Transfer (FRET) imaging; ii) to evaluate the co-

localization of Aβ(1–42) and Aβ(1–42)-CaM complexes in CGN neuronal lipid rafts using well-

established protein markers of these microdomains, through fluorescence microscopy imaging; 

and iii) to evaluate the alteration in LTCC activity regarding the resting Ca2+ concentration 

induced by Aβ(1-42) after a short period of incubation, using a specific Ca2+-fluorometric probe. 

The results of this work showed the formation of Aβ-CaM complexation in mature CGN and the 

high co-localization of Aβ with neuronal lipid rafts. In addition, our results highlight that after a 

very short time of incubation (up to 2 h), Aβ(1-42) is already internalized in mature CGN and 

disturbing the LTCC activity by decreasing the influx of Ca2+. This finding suggests that the 

cytosolic Ca2+ dysregulation observed in CGN is an early event that precedes the neurotoxic 

cascade of events associated with cell dysfunction induced by Aβ(1-42). Of note, the 

extracellular addition of purified CaM to fixed and permeabilized CGN cells stained with a 

fluorescent compound of Aβ(1-42), demonstrates that CaM largely reverses the Aβ(1-42) 

fluorescence intensity of CGN. This outcome corroborates with it was described in the Chapter 

1: CaM display an important role in neurons through the formation of complexes with Aβ 

peptides and eventually protects against the rise of free concentrations of neurotoxic Aβ 
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peptides until the saturation point, avoiding neuronal impairment in an early stage of AD 

initiation. Ultimately, it is important to mention that the elevated concentration of CaM found 

in neurons and the numerous functions that this major protein display in neuronal excitability 

and metabolism for brain development, are major features that make extremely difficult the use 

of silencing-RNA of CaM in cultured neurons, as well as the use of CaM knock-out animal models, 

restricting in-depth studies of the alteration of the molecular mechanism induced by Aβ. 

Consequently, it could be applied other strategies to afford neuroprotection against Aβ(1-42)-

induced neurodegeneration through the development of novel specific peptides or other 

compounds that could be able to antagonize Aβ-CaM complexation.  

The work described in Chapter 3 was developed in the immortalized mouse 

hippocampal cell line, HT-22, which is a cell culture model widely used to study excitotoxicity 

induced by glutamate, as it is already demonstrated that this cell line lacks ionotropic glutamate 

receptors (iGluRs) like NMDAR (N-methyl-D-aspartate receptor). In addition, there is no 

consensus about the activity of muscarinic acetylcholine receptor (AChR) in HT-22 cells, 

suggesting that this cell line has poor AChR activity or is practically inexistent. Besides the 

importance and contribution of LTCC as Ca2+ influx system in neurons, it is highly recognized that 

purinergic receptors (P2R) display an important role in Ca2+ regulation in excitable cells. P2R are 

activated by ATP and have key functions in controlling metabolic activities, proliferation, and 

differentiation in neurons. In addition, the elevation of cytosolic Ca2+ concentration in neurons 

can also derive from the release of Ca2+ from the intracellular stores, such as the endoplasmic 

reticulum (ER), which is mediated by SOCE mechanism.  

The main goals of the Chapter 3 are: i) to measure the amount of internalized Aβ(1-42) 

after a short period of incubation (up to 5 h) with submicromolar concentration of Aβ oligomers 

added to the extracellular medium; ii) to identify the main subcellular distribution of  Aβ(1-42) 

inside HT-22 cells by fluorescence microscopy imaging; iii) to identify the main Ca2+ cell systems 

that are responsible for cytosolic Ca2+ regulation homeostasis in HT-22 cells and evaluate the 

effect of Aβ(1-42) in those systems through the measurement of the alteration of resting 

cytosolic Ca2+ concentration, and iv) to measure the levels of oxidative stress induced by Aβ(1-

42) in the immortalized cell model HT-22 after a short period of incubation using different 

methodologies .   

The results obtained in the Chapter 3 highlight that LTCCs are present but inactive in the 

HT-22 cell model as we demonstrated by the lack of activity induced by KCl depolarization and 

by the poor activity measured after the addition of a LTCC agonist. Also, we found that, the 

addition of ATP to the extracellular medium of HT-22 cells elicits a significant increase in Ca2+ 

influx mediated by P2R. Taking into consideration that HT-22 lacks NMDAR, and both LTCC and 
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AChR activity are practically nonexistent, we concluded that P2R are the main Ca2+ transport 

systems responsible for the influx of Ca2+ in HT-22. We also found that, after only 2 h incubation 

with submicromolar concentration of Aβ(1-42), the Ca2+ influx is significantly decreased by P2R 

activity inhibition, mainly through the inhibition of the P2X7R subtype (a member of the P2R 

family). To the best of our knowledge this is the first study to show that P2R is the main plasma 

membrane system responsible for the influx of extracellular Ca2+, in HT-22 cells and that Aβ(1-

42) significantly alters the activity of this receptors in HT-22 cell line. In addition, it is important 

to mention, that the lack of or the poor activity of these Ca2+ channels and receptors (NMDAR, 

AChR and LTCC) in the plasma membrane of HT-22 cells, opens the possibility of using HT-22 as 

a good model system to study molecular mechanisms associated with modulation of P2R 

activity. 

Through fluorescence microscopy imaging we measured the internalized Aβ(1-42) and 

observed that Aβ(1-42) presented a subcellular distribution mainly near the perinuclear region, 

up to 5 h incubation, showing moderate co-localization with the ER and the mitochondria, 

without affecting significantly the mitochondrial membrane potential. Moreover, internalized 

Aβ(1-42) induced a decrease in the biphasic SOCE mechanism after 2 h incubation, through the 

modulation of STIM1, and by stimulation of the activity of both ligand-gated calcium channels 

RyR and the IP3R, without significantly affecting the steady-state cytosolic Ca2+ concentration 

up to 5 h incubation with Aβ(1-42) added to the extracellular medium. Finally, there is only a 

small increase in ROS generation after 2 h and 5 h incubation, making unlikely that the 

alterations observed with Aβ(1-42) are caused by oxidative stress. Altogether, the results 

presented in Chapter 3, revealed that both P2R and the molecular components of SOCE: STIM1, 

IP3R and RyR are main targets of internalized Aβ(1-42) in the HT-22 cell model, after only 2 h 

incubation, suggesting that these systems could be considered as main primary targets of Aβ(1-

42) for Ca2+ dysregulation in an early stage of the AD progression. These findings create new 

possibilities for the development of novel strategies to investigate potential therapeutic agents 

to target P2R and SOCE mechanism ins an early stage of Ca2+ disruption homeostasis induced by 

Aβ.  

Because of Aβ(1-42) binds with high affinity to CaM and other intracellular proteins 

which are of utmost importance for neuronal survival and activity, neuroprotection strategies  

preventing the rise of Aβ(1-42) in the brain are likely the best way to avoid Aβ(1-42)-induced 

neurotoxicity and to slowdown brain neurodegeneration in AD and other related 

neurodegenerative diseases. In the Chapter 4, we used an animal model that mimics the motor 

neurological dysfunctions of the HD aiming to identify biomarkers linked to an early stage of the 

progression of HD and test for neuroprotection. 3-Nitropropionic acid (NPA) is a neurotoxin that 
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when administrated to rodents, mimics HD motor neurological dysfunctions. Studies have 

demonstrated that NPA treatment induces brain degeneration and mediates inflammatory 

events. In addition, mitochondrial dysfunction and generation of ROS lead to activation of 

innumerous cell death pathways, which are directly implicated in NPA neurotoxicity and also in 

HD. Most recently, it was demonstrated that activated microglia induces the production of a 

specific type of reactive neurotoxic astrocytes, called A1, via the secretion of specific pro-

inflammatory cytokines like interleukin-1 alpha (IL-1α) and tumor necrosis factor alpha (TNF-α) 

and also through the secretion of C1q. Likewise, it was also found an increase in A1 astrocytes 

in post-mortem tissues of HD patients. Furthermore, it has been published that C3 is a highly 

upregulated gene in A1 astrocytes, proposing that the increased expression of C3 could be used 

as marker of the induction of reactive neurotoxic A1 astrocytes in neurodegenerative disorders. 

Interestingly, it was proven that reactive astrocytes can generate neurotoxic Aβ peptides and 

this possibility deserved to be studied in NPA-induced brain neurodegeneration because it has 

been recently shown that this neurodegenerative process is also a tauopathy. Remarkably, it has 

been seen an increase in tau phosphorylation in a mouse model of HD and the excess of α-

synuclein expression, which is a hall mark of Parkinson disease`s (PD), is associated with 

increased mutant huntingtin aggregation, a protein that is overexpressed in HD. These findings 

suggest that HD share similar molecular pathways with PD and Tau pathology.   

In a previous works of our laboratory, it is shown that intraperitoneal (i.p.) co-

administration of kaempferol efficiently protects against NPA-induced brain damage in adult 

Wistar rats. Moreover, kaempferol, which has antioxidant and anti-inflammatory properties, 

have been shown to be effective to treat numerous diseases in animal models. In addition, the 

low toxicity of this natural compound in humans suggests that kaempferol could be seen as 

potential candidate against brain damage induce by insults and/or neurodegenerative diseases.  

Based on all arguments previously presented, we defined two major objectives for this 

final Chapter: 1) to setup an experimental protocol using adult male Wistar rats with progressive 

brain degeneration through administration of NPA by i.p injections, and to identify early 

biomarkers of the disease; 2) to test the hypothesis that i.p administration of kaempferol 

protects against NPA-acute treatment in the brain regions that become dysfunctional. The 

results demonstrated that NPA treatment induced the production of reactive A1 astrocytes 

through the increase of C3 fragment expression in striatum, hippocampus and cerebellum, 

without observation of neurodegeneration in rat brain, suggesting that C3 complement could 

be used as early biomarker of NPA-induced treatment. Besides, we also demonstrated by 

Western blots an increase in the levels of pro-inflammatory cytokines TNFα and IL-1α.  
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After acute administration of NPA to induce severe neurodegenerative damage and 

dysfunction in Wistar rats, we evaluated the protective effect of kaempferol in the most affected 

rat brain areas reported: striatum and hippocampus. We saw a significant decrease of C3 

complement expression by Western blot in the rat group treated with kaempferol and NPA, 

showing very similar results with the control-group. Moreover, kaempferol prevented the NPA-

induced increase of cytokines expression levels and NF-κB expression in the striatum and 

hippocampus. Notably, acute NPA-induced brain degeneration increased the expression of Aβ 

and kaempferol clearly reverted Aβ overproduction in our experimental model, as 

demonstrated by Western blot. As far as we know this is a novel finding in NPA-induced brain 

neurodegeneration and it has a special relevance, because exposure to NPA has been recently 

shown to induce taupathology in tangle-mouse model and also in wild type-mice. Therefore, this 

neurodegenerative process shares these molecular biomarkers with AD, in which reactive A1 

astrocytes have been reported to be generated as well. Thus, this work highlights novel 

biological roles of this antioxidant flavonoid. The inhibition by kaempferol of C3 proteolytic 

activation in the brain suggests a potential novel therapeutic use of this flavonoid, because 

induction of neurotoxic reactive A1 astrocytes has been found in post-mortem samples of 

several neurodegenerative diseases. 
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1. Abstract 

 

Intraneuronal Aβ oligomer accumulation precedes the appearance of Aβ plaques or NFT 

and is neurotoxic. In AD-affected brains, intraneuronal Aβ oligomers can derive from Aβ peptide 

production within the neuron and, also, from vicinal neurons or reactive glial cells. Ca2+ 

homeostasis dysregulation and neuronal excitability alterations are widely accepted to play a 

key role in Aβ neurotoxicity in AD. However, the identification of primary Aβ-target proteins, in 

which functional impairment initiating cytosolic Ca2+ homeostasis dysregulation and the critical 

point of no return are still pending issues. The micromolar concentration of CaM in neurons and 

its high affinity for neurotoxic Aβ peptides (kD ≈ 1 nM) highlight a novel function of CaM, i.e., 

the buffering of free Aβ concentrations in the low nanomolar range. In turn, the concentration 

of Aβ-CaM complexes within neurons will increase as a function of time after the induction of 

Aβ production, and free Aβ will rise sharply when accumulated Aβ exceeds all available CaM. 

Thus, Aβ-CaM complexation could also play a major role in neuronal Ca2+ signaling mediated by 

CaM-binding proteins by Aβ; a point that has been overlooked until now. In this chapter, we 

address the implications of Aβ-CaM complexation in the formation of neurotoxic Aβ oligomers, 

in the alteration of intracellular Ca2+ homeostasis induced by Aβ, and of dysregulation of the 

Ca2+-dependent neuronal activity and excitability induced by Aβ. 

 

2. Intracellular Aβ oligomers in neuronal cytotoxicity and CaM as a major high affinity 

Aβ-binding protein in neurons 

 

Intraneuronal Aβ accumulation has been shown to mediate neuronal cytotoxicity, and 

it has been suggested to be an early pathological biomarker for the onset of AD1. This is also 

supported by the finding that intraneuronal Aβ accumulation precedes the appearance of Aβ 

plaques or tangles in transgenic mice2–5, and that it also correlates with alteration of long-term 

potentiation (LTP), synaptic dysfunction and memory impairment in a triple transgenic model of 

AD3,6. The prevalent Aβ peptide found in the Aβ plaques of AD patients is Aβ(1–42)7. It has been 

shown that microinjection of Aβ(1–42) or cDNA encoding Aβ(1–42) is neurotoxic to human 

neurons in culture8. Furthermore, oligomeric species of Aβ(1–42) are tightly linked to AD 

pathogenesis and are likely to be the cause of neuronal damage9–11. In addition, neuronal uptake 

and accumulation of Aβ(1–42) aggregates correlated with metabolic inhibition12, while 

extracellular Aβ, applied to hippocampal slices, seems to preferentially target synapses, leading 
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to a decrease in the synaptic marker synaptophysin13, as well as endocytosis of N-methyl-D-

aspartate receptors (NMDAR)14 and low-density lipoprotein receptor-related protein-115,16. In 

addition, the binding of extracellular Aβ to other proteins, such as the α7 nicotinic cholinergic 

receptor, ApoE and ApoE receptors, integrins and the receptor for advanced glycation end 

products, has been shown to be implicated in Aβ uptake by neurons and was reviewed in17. 

CaM is a Ca2+ buffering protein which is expressed in neurons at much higher 

concentrations than in non-excitable cells, reaching micromolar concentrations in neurons18. 

The levels of CaM expressed in the brain are within 4 and 15 μg/mg wet tissue, with highest 

content in cortical regions, striatum, hippocampus, amygdala and substantia grisea19. We 

showed that Ca2+-saturated CaM binds with high affinity to Aβ(1–42) and Aβ(25–35) peptides, 

as demonstrated by a dissociation constant of the Aβ:(Ca2+)4-CaM complex close to 1 nM20. As a 

result, CaM could have a high capacity to buffer intracellular free Aβ concentrations. Other 

proteins known to bind Aβ peptides with dissociation constants close to 1 nM, i.e., with an 

affinity similar to that of CaM, are cellular prion protein21 and glycogen synthase kinase 3α22. 

However, the expression level of these proteins in neurons is several orders of magnitude lower 

than that of CaM. Therefore, in neurons, CaM seems to be a major sink for neurotoxic 

intracellular Aβ peptides, and this, in turn, suggests that CaM could play a key role in protecting 

against an increase of free intracellular Aβ concentrations above 1–2 nM. Based on this, it can 

be expected that down-regulation of the expression of CaM should make neurons more prone 

to Aβ-induced neurotoxicity, because they will suffer a stronger rise in the free intracellular 

concentration of Aβ peptides upon β-secretase activation or extracellular Aβ uptake. Of note, it 

has been reported a decrease in the CaM expression levels in brains affected by AD23. 

However, CaM is not only a major protein in cytosolic Ca2+ buffering in neurons; it also 

has a major role in neuronal metabolism, excitability, and intercellular and intracellular 

signaling. Thus, Aβ(1–42)-CaM complexes can also function as intracellular transducers for 

focalized actions of Aβ peptides, and will be analyzed in the following sections of this chapter. 

 

3. The roles of CaM in neurons as cytosolic Ca2+ buffering and Ca2+ signaling molecule: 

subcellular distribution of CaM-Binding Proteins (CaMBPs) in neurons 

 

Khachaturian24 proposed the “calcium hypothesis of brain aging and AD”, which 

defended the idea that sustained changes in Ca2+ homeostasis could be a common pathway for 

aging and the neuropathological changes associated with AD. Later, Ca2+ dyshomeostasis in AD 

received further experimental support. For example, Kuchibhotla and colleagues25 reported that 

the resting Ca2+ concentrations in the spines and dendrites of pyramidal neurons in the 
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neocortex are higher than normal in neurons located close to Aβ deposits. Similarly, the resting 

level of Ca2+ in cortical neurons of 3xTg-AD animals was 247 nmol/L, which was twice that found 

in non-Tg controls (110 nmol/L)26. These measurements were consistent with many other 

studies that indicate that Ca2+ signaling is up-regulated in AD27. 

Steady resting cytosolic Ca2+ ranges between 70 and 150 nM in different types of 

neurons in culture, and peaks below 1 μM upon transient plasma membrane depolarization by 

action potentials or upon stimulation by excitatory neurotransmitters28–32. In addition, there are 

large time-dependent and space-dependent fluctuations in Ca2+ concentrations within different 

cytosolic regions, soma and axo-dendritic extensions upon neuronal stimulation. Since the 

dissociation constant of Ca2+ from CaM is relatively high, i.e., between 0.2 and 0.5 μM20,24, the 

potency of CaM as a Ca2+ buffer in different cytosolic compartments in neurons is, not only 

dependent on the local concentration of CaM, but also on the local concentration of free Ca2+. 

In addition, fluctuations of cytosolic Ca2+ in neurons strongly shift the equilibrium between the 

Ca2+-saturated open conformation of Ca2+-CaM (Ca2+)4-CaM, and the close conformation of apo-

CaM (minus Ca2+) 33. Although the interaction of Aβ(1–42) with CaM did not significantly alter 

Ca2+ binding to CaM, the affinity of Aβ(1–42) for apoCaM was found to be approximately 20-fold 

lower20. 

The CaM conformation changes from a closed to open configuration upon Ca2+-binding 

and allows Ca2+/CaM to bind target proteins with high affinity (kD = 10−7 to 10−11 M)34,35.The 

majority of CaMBPs bind Ca2+-CaM, while a small number of proteins, such as neuromodulin and 

neurogranin, only bind to apo-CaM36. CaMBPs play a major role in neuronal function and 

excitability, and many of them present significant compartmentation within subcellular 

neuronal structures. In this chapter, we will focus on CaMBPs expressed in specific brain areas 

(hippocampus and cerebral entorhinal, and temporal and frontal cortex), which are prone to 

degeneration in AD and of which functional impairment has been suggested to underlie the loss 

of neuronal functions and/or intracellular Ca2+ dysregulation in this disease. 

Tau and Aβ peptides are components of neuropathological hallmarks of AD, and tau, Aβ 

precursor protein (APP), and β-site APP-cleaving enzyme 1 (BACE1) are CaMBPs37,38. In addition, 

CaM binds and modulates the activity of several protein kinases involved in tau 

hyperphosphorylation, such as CaMKII, cyclin-dependent kinase 5 and glycogen synthase kinase 

3α22,37. Tau belongs to the family of microtubule-associated proteins that function in 

microtubule assembly and stability; tubulin itself and microtubule-associated protein 2 are also 

CaMBPs39,40. 

Calcineurin is a Ca2+ and calmodulin-dependent protein phosphatase41, which is 

activated by nanomolar concentrations of Ca2+ 42. Calcineurin regulates proteins that play key 
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roles in synaptic transmission and neuronal excitability43. Depending on the strength, duration 

and site of Ca2+ stimulus, calcineurin may either increase or decrease synaptic efficacy and cell 

excitability through the modulation of ion channels, neurotransmitter receptors, cytoskeletal 

proteins, kinases, other phosphatases, and transcription factors44. 

Neuronal nitric oxide synthase (nNOS) and adenylyl cyclases 1 and 8 (AC1 and AC8) are 

other types of Ca2+/CaM-stimulated enzymes that generate second intracellular messengers of 

high relevance for learning and memory45–47. Besides, ion channels, such as the small-

conductance potassium (SK) channels, KCNQ potassium channels, cyclic nucleotide-gated 

channels, NMDAR, transient receptor potential channels, RyR, voltage-gated Ca2+ channels 

(VGCCs), and voltage-gated Na channels, are also modulated by CaM48.  

Ca2+ influx through VGCCs is crucial for vesicular release of neurotransmitters, 

intracellular signaling pathways, gene expression, and synaptic plasticity49. Among them, LTCC 

plays an important role in neuronal plasticity, learning and memory, and an alteration in the 

function and/or regulation of these channels has been associated with neuropsychiatric 

diseases, migraine headaches, cerebellar ataxia, autism, schizophrenia, bipolar disorder, and 

depression50,51. The isoforms of LTCC, Cav1.2 and Cav1.3, are more highly expressed in the brain, 

and they have received increased attention regarding their role in neurological and psychiatric 

diseases50. Both Cav1.2 and Cav1.3 can be found in neuronal cell bodies and proximal dendrites 

in the hippocampus and have been involved in the regulation of many Ca2+-dependent functions, 

e.g., protein phosphorylation, enzyme activity, gene expression and neurotransmission52. 

Furthermore, Ca2+ influx through LTCC is limited by constitutively bound CaM, which leads to 

Ca2+-dependent inactivation53 and prevents neuronal damage due to excessive Ca2+ entry54. 

Briefly, the CaM conformational change upon Ca2+ binding promotes inactivation of LTCC by 

interaction with additional effector sites of the C-terminal domain in Cav1.2, and, in case of 

Cav1.3, also of the N-terminal domain54. The strength of Ca2+-dependent inactivation can be 

adjusted by regulating the strength of CaM binding by displacement of CaM from its C-terminal 

interaction sites54,55.  

Other neuronal CaMBPs expressed in the hippocampus, such as myosin light chain 

kinase56,57, spectrin58, and fodrin59, play major roles in the cytoskeleton structure and dynamics, 

and they also play key roles in neuronal activity and interneuronal connectivity. In addition, Ras-

guanine nucleotide-releasing factor 1 (Ras-GRF1), which is also expressed in CA1 neurons of the 

hippocampus, has been shown to be involved in the induction of LTP and LTD associated with 

spatial learning and long-term memory60,61. Finally, glycogen phosphorylase kinase, in addition 

to its role in the regulation of glycogenolysis in the brain62, can also phosphorylate the apo-CaM-
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binding regulatory regions of neuromodulin (Nm) and neurogranin (Ng)63, which are neuronal 

specific proteins that are known to play major roles in neuronal plasticity and LTP (see below). 

However, at normal resting cytosolic Ca2+ concentrations close to 100 nM or lower in 

neurons, CaM is mainly in the apo-CaM conformation. Apo-CaM is largely associated with three 

proteins in neurons: Nm, Ng, and regulator of CaM signaling (RCS)18. Nm is an abundant 

presynaptic protein and accumulates in axonal growth cones and helps their navigation to 

appropriate target sites during the development of the nervous systems64. Furthermore, it is 

involved in neurite extension and neuronal plasticity, neuroregeneration, regulation of 

neurotransmitter release at the presynaptic terminal, and in LTP65. It has been demonstrated 

that Nm binds to apo-CaM at the presynaptic membrane and releases it locally under two 

different mechanisms: (1) when there is an increase in intracellular Ca2+ or (2) upon 

phosphorylation at Ser41 by protein kinase C (PKC), which blocks apo-CaM-binding to Nm65,66.  

RCS is a protein kinase A (PKA)-regulated phosphoprotein expressed in brain regions 

receiving dopaminergic innervation67. RCS is enriched in caudate-putamen, substantia 

nigra, nucleus accumbens and olfactory tubercle, but also displays intermediate levels of 

expression in the cerebral cortex and hippocampus64. The G protein-coupled receptor (GPCR)-

dependent activation of PKA leads to phosphorylation of RCS at Ser55, and increases its binding 

to CaM68, preventing CaM from binding to CaM-regulated phosphatase calcineurin18. 

 

4. Modulation by Aβ of CaMBPs, which play major roles in Aβ production in neuronal 

Ca2+ homeostasis and LTP. 

 

4.1 The relevance of Aβ-CaM complexation for the regulation of neurotoxic Aβ oligomers 

production 

 

Clinically, AD is divided into sporadic AD (sAD) and familial AD (fAD). The fundamental 

role of Aβ in AD is derived from studies of fAD, which accounts for 1–5% of patients with AD69, 

who have autosomal dominant mutations or duplications in the APP or mutations in the 

presenilin-1 (PSEN1) and presenilin-2 (PSEN2) genes70,71. These mutations result from changes 

in APP proteolysis by the γ-secretase complex, leading to an increase in the formation of toxic 

Aβ(42/40) oligomers, which induce synapse loss and neuronal toxicity72,73. As fAD is 

pathologically similar to sAD, with the difference being that fAD generally has an early onset and 

the symptoms progress more rapidly, it is believed that Aβ(1–42) over-production is also a main 

factor in sAD73. PSEN mutations contributes to over 90% of fAD cases, and several studies have 

shown that intracellular Ca2+ dysregulation due to these mutations takes place before the 
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formation of Aβ plaques and NFT in AD brains, highlighting that modifications in cytoplasmic 

Ca2+ may be an early event at the onset of AD74,75. The increase of cytosolic Ca2+, in turn, leads 

to a CaM-mediated stimulation of the amyloidogenic protease, BACE138. Moreover, Giliberto 

and colleagues76 showed that the treatment of neuronal and neuroblastoma cells with 1 μM 

soluble Aβ(1–42) increased BACE1 transcription and that this was reverted by an anti-Aβ(1–42) 

antibody. It has been suggested that this could be due to Aβ-induced oxidative stress, because 

this increase in BACE1 transcription was shown to be mediated by the activity of NF-κB77. 

Furthermore, an up-regulation of BACE1 expression in several vascular risk factors for AD 

development, including hypoxia, hyperglycemia and hypercholesterolemia, has been shown and 

was reviewed in78. Therefore, free Aβ generates a positive feedback loop of Aβ production, and 

this is likely to play a major role in brain degeneration, both in fAD and sAD. On these grounds, 

lowering of free Aβ by complexation with CaM can be seen as a cellular defense response to 

slow down the formation of neurotoxic Aβ in neurons. In addition, the increase of Aβ(1–42)-

CaM complexes elicited by the rise in Aβ production reduces the availability of free CaM for 

stimulation of BACE1 activity, providing feedback inhibition of amyloidogenic Aβ production. To 

the best of our knowledge, the possibility that Aβ(1–42)-CaM complexes may also inhibit BACE1 

activity has not yet been experimentally assessed. 

 

4.2 The relevance of Aβ-CaM complexation for the alteration of intracellular Ca2+ 

homeostasis induced by Aβ 

 

PSENs modulate intracellular Ca2+ homeostasis through direct interaction with three 

components of the ER, namely, IP3R, RyR, and sarco(endo)plasmic reticulum Ca2+-ATPase 

(SERCA)79. Mutations of the PSEN2 gene enhanced Ca2+ release through IP3R80 and mutations in 

PSENs can also modulate capacitative Ca2+ entry, a refilling mechanism for depleted Ca2+ 

stores74,81,82. SOCE disruption is consistently observed in AD and is manifested as attenuated Ca2+ 

entry in the primary neurons of AD mice with human mutant PSEN1 knocked in, or in skin 

fibroblasts from familial AD patients83. In addition, it has been reported that STIM2 expression 

levels are down-regulated by fAD-linked PS1 mutations and, thus, insufficient signal is 

transferred to the plasma membrane to activate SOCE when ER Ca2+ is depleted84. In addition, 

PSEN also acts as an ER Ca2+ leak channel and fAD mutations in PSEN1 disrupt this function85,86, 

leading to overloaded ER Ca2+ stores and increased ER Ca2+ release in PSEN double knockout 

fibroblasts and in fibroblasts transfected with mutant PSEN1 and PSEN2 constructs73. 

Additionally, in fAD, PSEN mutations increase RyR-mediated Ca2+ release, either due to 

enhanced expression of channel proteins or sensitization of the channel activity through PSEN–
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RyR protein interactions85,87. In addition, apoE4, a genetic risk factor for AD, may also amplify ER 

Ca2+ release through RyR, thereby stimulating the formation of Aβ plaques and neurofibrillary 

tangles88,89. In vitro experiments have shown that application of soluble AβO causes a large 

increase in RyR activity due to an approximately 10-fold increase in the channel open 

probability90 and stimulates RyR-mediated Ca2+ release in hippocampal neurons in culture91. It 

must be noted that the increase of the open channel activity of RyR was measured with the 

application of micromolar concentrations of Aβ(1–42) to skeletal muscle fibers. Thus, it seems 

that Aβ oligomers may only further potentiate excessive ER Ca2+ release by direct interaction 

with RyR at concentrations that are not reached within the neurons at the early stage of AD 

brain degeneration. However, indirect modulation by Aβ-induced oxidative stress may underlie 

the Aβ-induced activation of RyR observed in hippocampal neurons in culture after 2–3 h of 

incubation with concentrations of Aβ(1–42) oligomers ≥ 500 nM91. Therefore, sequestration of 

Aβ oligomers by CaM could be expected to protect against the increase of ER Ca2+ release 

through RyR. In addition, it has been reported that mutation or deletion of PSEN alters the ER 

Ca2+ refilling process through the SERCA pump and may contribute to the pathogenesis of AD92. 

Indeed, it has been recently shown that increasing SERCA activity helps to maintain ER Ca2+ and 

improves memory and cognition in APP/PSEN1 mice, as SERCA activation can sequester more 

cytosolic Ca2+ and prevent the apoptosis induced by mitochondrial signaling93. 

While ER Ca2+ release stimulates Aβ peptide production (see above), the produced Aβ 

can inhibit the activity of plasma membrane Ca2+ extrusion systems: plasma membrane Ca2+ 

ATPase (PMCA) and sodium-calcium exchanger (NCX). According to Mata and colleagues, PMCA 

is the only Ca2+ pump in which Ca2+ dependence activity is altered in membranes of AD brains 

compared to control brains and, also, is the only pump in the brain which is directly inhibited by 

Aβ94,95. In addition, the inhibitory effect of Aβ could be blocked by pretreating the purified 

protein with Ca2+/CaM, the main endogenous activator of PMCA95. Additionally, Aβ can inhibit 

NCX activity, either by direct interaction with the hydrophobic surface of NCX and/or with the 

lipid bilayer of the plasma membrane96. It has been shown that 1 μM Aβ(1–40) stimulates NCX 

activity three-fold in the reverse mode in human astrocyte-derived glioblastoma cells with a time 

delay of 400–500 seconds after application of this peptide97. The short time for NCX activity 

modulation by Aβ(1–40) suggests that this may be due to the direct interaction between this 

peptide and NCX; however, a titration with submicromolar concentrations of Aβ(1–40) was not 

reported by these authors and data are not available to obtain a dissociation constant of this 

peptide from NCX.  

Since Aβ can inhibit the major Ca2+ extrusion systems of the neuronal plasma membrane, 

it can be foreseen that an increased ER Ca2+ release, induced by mutations in PSEN proteins, 
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should eventually lead to mitochondrial Ca2+ overload and apoptotic pathways. Indeed, this is 

an effect of exogenous Aβ peptides that has been experimentally demonstrated98,99. Cumulative 

lines of evidence have demonstrated that mitochondrial Ca2+ signaling is altered in AD due to 

mutations in the PSEN proteins100,101. The excess in cytosolic Ca2+ caused by enhanced ER Ca2+ 

release caused by mutant PSENs is, at least in part, counterbalanced by the Ca2+ uptake through 

the voltage-dependent anion-selective channel protein and the Ca2+ uniporter of the 

mitochondria. A sustained increase in mitochondrial Ca2+ concentration impairs ATP production, 

increases ROS production, and the opening of the mitochondrial permeability transition pore102. 

Several studies have proposed that enhanced neuronal apoptosis and increased ROS production 

are major factors in the neurodegeneration observed in AD, and the accumulation of 

mitochondrial Ca2+ has been shown to be significantly implicated in these neurotoxic 

pathways101,102. 

 

4.3 The relevance of Aβ-CaM complexation for dysregulation of Ca2+-dependent neuronal 

activity and excitability induced by Aβ 

 

The direct modulation of CaMKII by Aβ has a strong impact on neuronal activity and 

excitability. It has been shown that treating hippocampal neurons with Aβ oligomers impairs 

αCaMKII activation103,104 and that Aβ prevents the activation of CaMKII during hippocampal 

LTP105. The inhibition of CaMKII by Aβ may be primarily a neuronal defense mechanism because 

APP can be phosphorylated in vitro by several kinases, including CaMKII106, and CaMKII is also a 

tau kinase, which has been suggested to act in priming tau phosphorylation by cyclin-dependent 

kinase 5 and glycogen synthase kinase (GSK) β107,108. It should be observed here that Aβ(1–42) 

has been reported to bind to GSK3α and GSK3β with high affinity22. Indeed, the reported 

dissociation constants of Aβ(1–42) from the GSK3α isoenzyme22 and from CaM20 are almost 

identical, ≈1 nM. Furthermore, Dunning et al. demonstrated that binding of Aβ(1–42) to GSK3α 

stimulates hyperphosphorylation of tau22. In addition, GSK3α has been proposed to enhance Aβ 

production through γ-secretase stimulation109. Therefore, the inhibition of CaMKII by Aβ may 

counteract, at least in part, the stimulation of GSK3-dependent tau phosphorylation by 

nanomolar Aβ concentrations. Moreover, it has been proposed that, outside of synapses, 

αCaMKII is hyperactive and could contribute to NFT formation since it co-localizes with NFT in 

the AD brain104. To the best of our knowledge, the possibility that CaMKII could also bind Aβ-

CaM complexes has not been experimentally assessed, nor has the putative role of these 

complexes in Aβ-induced CaMKII inhibition. 
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In vivo, the activation of CaMKII is under the negative control of calcineurin-dependent 

phosphatase activity110,111 and is essential for LTP generation112,113. Calcineurin-dependent 

subcellular relocation of autophosphorylated αCaMKII also occurs in Aβ oligomer-treated 

primary neuronal cultures114,115. A shift of p(T286)-αCaMKII from apical dendrites/spines to the 

soma of CA3 pyramidal neurons, which is blocked by inhibition of the phosphatase calcineurin, 

is also found in a mouse model of sAD, in which Aβ oligomers are injected into the ventricles115. 

Post-mortem analyses and studies with AD models indicate that T286-autophosphorylation of 

αCaMKII is decreased at the synapses in the disease104. This autophosphorylation is essential for 

NMDAR-dependent LTP at CA1 synapses and for spatial memory formation116,117. Indeed, 

knockdown of CaMKII mimics the reduced surface expression of AMPA receptor subunit GluA1 

and decreased AMPA receptor-mediated synaptic transmission, which is reversed by CaMKII 

overexpression114. An analogous observation is seen when treating rat hippocampal slices with 

Aβ(1–42). In this experimental model, Aβ inhibits CaMKII activation and blocks the stimulation-

dependent phosphorylation of a CaMKII-specific site on GluA1105. Moreover, treatment that 

enhances CaMKII activity also improves long-term memory in a mouse model of AD118. 

Acute application of synthetic Aβ elicits inhibition of LTP in the CA1 area, or dentate 

gyrus, of rat hippocampus119–122, as well as in conditioned culture medium containing Aβ species 

secreted by cells transfected with human APP123. In the dentate gyrus Aβ inhibition of LTP was 

blocked by specific inhibitors for calcineurin, indicating that increased calcineurin activity 

contributes to Aβ-induced LTP inhibition120. Thus, Aβ can also alter LTP by disrupting the dynamic 

balance between protein phosphorylation and dephosphorylation of CaMKII. It has been 

proposed that the increase in cytosolic Ca2+ induced by Aβ triggers calcineurin hyperactivity115; 

however, the possibility that Aβ and/or Aβ-CaM complexes might bind to calcineurin does not 

seem to have been explored until now. At least, this is a priori relevant for the dynamics of 

tau:calcineurin complexes and ultimately for the modulation of the extent of tau 

phosphorylation, since binding of Ca2+-CaM to calcineurin disrupts its interaction with tau and 

lowers its ability to dephosphorylate tau124. In addition, despite the fact that extracellular Aβ 

applied to hippocampal slices preferentially targets synapses13, experimental data are lacking to 

exclude that Aβ could alter the association/dissociation kinetics of apo-CaM with CaM reservoir 

proteins, such as Nm, Ng, or RCS, in synaptic terminals. 

LTCC have long been implicated in aging and AD125. A decrease in LTCC activity has been 

reported in the hippocampus of APP/PS1 double-transgenic mice126. Owing to the high 

contribution of Ca2+ influx through LTCC to increasing the resting cytosolic Ca2+ in neurons32,127–

129, the inhibition of LTCC by Aβ seems another compensatory neuroprotection mechanism to 

prevent pathogenic cytosolic Ca2+ dysregulation. Adaptive control of the activity of LTCC upon 



40 
 

exposure to Aβ is also suggested by experiments with astrocytes cultures, since acute exposure 

of astrocytes to murine Aβ(1–42) increased the expression of the Cav1.2 α1-subunit, whereas 

chronic treatment decreased it, showing that Aβ can differentially regulate LTCC expression, 

depending on the incubation time130. Noteworthy, nimodipine, a dihydropyridine derivative and 

LTCC antagonist, has beneficial effects in AD patients and slows the progression of the disease131. 

Although two large-population, long-term cohort studies have proved the protective role of Ca2+ 

channel blockers over other types of antihypertensive drugs on the risk of dementia among 

elderly hypertensive populations132,133, the clinical effects of each specific LTCC blocker remain 

controversial134. 

 

5. Conclusions 

 

The high affinity of small Aβ oligomers for CaM and the high concentration of CaM in 

neurons reveal a major role of CaM for Aβ buffering in neurons, which protects against the rise 

of free concentrations of neurotoxic Aβ peptides. In turn, the concentration of Aβ-CaM 

complexes within neurons increases as a function of time after induction of Aβ production, and 

free Aβ will rise sharply when accumulated Aβ exceeds all available CaM, i.e., when it reaches 

total micromolar Aβ. Intraneuronal Aβ oligomers found in the AD brain can arise from 

endogenous Aβ peptide production as well as from vicinal reactive glial cells135, as inflammation 

is now recognized to foster AD brain degeneration. The slow kinetics of Aβ uptake and its 

internalization by neurons12,136 is likely one of the factors that slows down the time course of the 

neurotoxicity of exogenous Aβ, and is relevant for the comparison and integration of the results 

and conclusions of studies performed in cell cultures after exposure to exogenous Aβ. On these 

grounds, it is to be expected that the Aβ-triggering of molecular mechanisms for the onset of 

neuronal cytosolic Ca2+ dysregulation will be different for endogenously generated Aβ in the 

early stages of fAD and for the Aβ produced by vicinal reactive glial cells, probably a major source 

of Aβ during AD brain degeneration. In addition, Aβ-CaM complexation is likely to play a major 

role in the functional regulation of CaMBPs by Aβ, either in sensitivity or activity modulation. 

This has been largely overlooked until now, and it may have relevant implications for neuronal 

Aβ production, since APP and BACE1 are CaMBPs, for tau phosphorylation and for neuronal Ca2+ 

dysregulation in AD, which mediates loss-of-function and neurodegeneration in AD brains. The 

identification of the primary target proteins for non-endogenous intraneuronal Aβ, of which 

functional impairment initiates cytosolic Ca2+ homeostasis dysregulation as well as the critical 

point of no return, are still pending issues due to the following major reasons: (1) a lack of 

assessment of total intracellular Aβ concentrations in experiments with cell cultures reporting 
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cytosolic Ca2+ dysregulation; (2) a lack of the dissociation constant of the direct interaction 

between Aβ and Aβ-CaM complexes with target proteins; and (3) a lack of measurements of the 

putative oxidative modifications of Ca2+ channels and pumps in cell cultures after different times 

of exposure to exogenous Aβ. It should be recalled that Aβ stimulates intracellular ROS 

production137 and that the Ca2+ transport systems that are more relevant for the control of 

intracellular Ca2+ homeostasis are highly sensitive to a sustained cellular oxidative stress32,138,139. 

However, the experimental data accumulated so far allow us to envisage cellular adaptive 

responses, i.e., up-regulation and down-regulation of gene and protein expression levels, to 

compensate for the alteration of intracellular Ca2+ homeostasis upon acute and chronic 

exposure of neurons both in vitro (cell culture) and in vivo (animal models) to Aβ stress. 
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1. Abstract 

 

Neuronal lipid rafts play a key role in Aβ binding and uptake, leading to the formation of 

neurotoxic intracellular Aβ aggregates. Furthermore, dysregulation of intracellular Ca2+ 

homeostasis has been observed in AD. We demonstrated, in a previous work, that Aβ(1–42), the 

prevalent form of Aβ peptide found in Aβ plaques of AD patients, have high affinity to purified 

CaM, with a kD around 1 nM. In this work, we used primary cultures of mature cerebellar granule 

neurons (CGN) as a neuronal model, to experimentally assess the binding capacity of 

submicromolar concentrations of Aβ(1–42) dimers to intracellular CaM. Our results showed the 

formation of Aβ(1–42):CaM complexes in GCN, up to 120 ± 13 picomoles of Aβ(1–42) /2.5 × 106 

cells. We also showed an extensive co‐localization of CaM and Aβ(1–42) in lipid rafts in CGN 

stained with up to 100 picomoles of Aβ(1–42)‐HiLyteTM‐Fluor555, using fluorescence 

microscopy imaging. Intracellular Aβ(1–42) concentration in this range was achieved after 2 h 

incubation with 2 μM Aβ(1–42), and this treatment lowered the resting cytosolic Ca2+ of mature 

CGN in partially depolarizing 25 mM potassium medium. We conclude that the primary cause of 

the resting cytosolic Ca2+ decrease is the inhibition of LTCC of CGN by Aβ(1–42) dimers, whose 

activity is inhibited by CaM-Aβ(1–42) complexes bound to lipid rafts. 

 

2. Introduction 

 

Membrane lipid rafts are heterogeneous and highly dynamic small submicrodomains of 

sizes between 10–100 nm that are composed by cholesterol and gangliosides1. Different studies 

demonstrated that Aβ peptides interact with cholesterol and gangliosides in ganglioside‐

clustered raft‐like microdomains, which potentiate the formation of Aβ oligomers (AβO) and 

fibrils in a cholesterol-dependent manner2–8. Consequently, due to the high levels of gangliosides 

in neurons, membrane lipid rafts could be seen as primary targets for Aβ peptides cytotoxicity. 

In fact, several studies reported that membrane lipid rafts play a major role in extracellular Aβ 

uptake and internalization in neurons9, which was demonstrated  not only in cell culture models 

studies10 but also in mouse models of AD11.  

 It has been shown that the reuptake of extracellular Aβ(1–42), which is the prevalent Aβ 

peptide found in the Aβ plaques of AD patients12, can result in the development of intracellular 

aggregates, leading to neuronal damage and neurotoxicity13–15 since Aβ(1–42) are associated 

with AD pathogenesis16. This premise was supported by different studies with the triple 

transgenic (3xTg) AD mice, where they demonstrated that the levels of intraneuronal Aβ are 

associated with dysfunction in synaptic activity and also in memory impairment17,18. 
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 Dysregulation of intracellular Ca2+ homeostasis it is a common phenomenon of sporadic 

(sAD) and familial forms of AD (fAD), which is linked to increased levels of intraneuronal Aβ and 

tau hyperphosphorylation19,20. Also, the concentration of CaM, a major Ca2+-sensor protein 

present in neuronal cytosol, is significantly decreased in brains of AD patients21. We 

demonstrated in a previous work that Aβ(1–42) and Aβ(25–35) have high affinity for CaM 

(dissociation constants around 1 nM)22. CaM also plays a key role as intracellular Ca2+ signaling 

messenger, by modulating neuronal functions which impairment results in significant changes 

in metabolism, excitability and synaptic activity, leading to neuronal death23–25. Therefore, 

impairment of intracellular Ca2+ buffering caused by Aβ can trigger pathogenic feed-forward 

cycle, leading consequently to synaptic morphology changes, neuronal apoptosis and cognitive 

decline26.  

 Neuronal lipid rafts have also the capacity to generate short lived and dynamic high Ca2+ 

compartments near the plasma membrane27,28. As showed in a previously work of the lab, these 

high Ca2+ sub microcompartments are composed of LTCCs, NMDAR, and PMCA, in mature CGN 

in culture27. LTCCs and PMCA are proteins that bind CaM29–33 and are the main plasma 

membrane Ca2+ transport systems that controls the resting cytosolic Ca2+ concentration in CGN 

in a 25mM potassium medium34–36, therefore lipid rafts play a key role in the modulation of the 

excitability of CGN. Furthermore, CaMKII36,37 and the neuronal isoform of nitric oxide synthase 

(nNOS)28,38–40 are also CaM bindings proteins associated with lipid rafts in mature CGN and other 

neurons. It have been demonstrated that some of these CaM-biding proteins are inhibited by 

Aβ peptides such as, CaMKII41,42, PMCA33,43 and nNOS44,45. However, despite the relevance of 

LTCC activity for resting cytosolic Ca2+ concentration in neurons in long‐term LTP/LTD46, and in 

neuronal function, memory and cognition47, the possibility of LTCC inhibition by Aβ(1–42) 

remains to be experimentally assessed.  

 This work was performed in mature CGN in culture and the main goals were: 1) to 

demonstrate the formation of CaM-Aβ(1–42) complexes with submicromolar concentrations of  

Aβ(1–42); 2) to determine the co-localization of Aβ(1–42) and Aβ(1–42)-CaM complexes in 

neuronal lipid rafts; 3) to evaluate the change in the resting cytosolic Ca2+ concentration induced 

by internalized Aβ(1-42); and 4) to identify the main cause of the observed change in cytosolic 

Ca2+ concentration.  The results of this work showed that incubation of CGN with Aβ(1–42) 

dimers for 2 h induced inhibition of LTCCs and elicited a decrease in the resting cytosolic Ca2+ 

concentration.  
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3. Materials and Methods 

 

3.1 Chemicals  

 

Human Aβ(1–42)‐HiLyte™‐Fluor555 (referred as Aβ(1-42)*555) was obtained from 

AnaSpec (Freemont, CA,USA). Unlabeled Aβ(1–42) and scrambled Aβ(1–42) were supplied by 

StabVida (Caparica, Portugal). Purified bovine brain CaM was purchased from Sigma‐ Aldrich 

(Madrid, Spain).  

Primary antibodies: goat anti‐HRas (sc‐32026), rabbit anti‐caveolin-1 (anti-Cav1, sc‐894), 

rabbit anti‐ LTCC α1C subunit (sc‐25686), and rabbit anti‐LTCC β subunit (sc‐25689) antibodies 

were purchased by Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit anti‐CaM (Epitomics 

1716‐1) antibody was supplied by Abcam (Cambridge, UK) and mouse anti‐cellular prion protein 

antibody (anti-PrPc, Thermo Fisher, 6H4‐7500997) was supplied from Thermo Fisher Scientific 

(Madrid, Spain). Monoclonal mouse anti‐Aβ antibody (A8354) was acquired from Sigma‐ Aldrich 

(Madrid, Spain). Fluorescent‐labeled secondary antibodies used to label the primary antibodies 

were anti‐rabbit IgG‐Alexa488 (A11008), anti‐goat IgG‐Alexa488 (A11055), anti‐mouse IgG‐

Alexa488 (A11001) and anti-goat IgG-Cy3 (C2821) from Invitrogen (Molecular Probes, Eugene, 

OR, USA). Anti‐rabbit IgG‐horseradish peroxidase (A0545), anti‐goat IgG‐horseradish peroxidase 

(A8919), and anti‐mouse IgG‐horseradish peroxidase (A0944) were supplied by Sigma‐Aldrich.  

Bio‐Rad Clarity Western ECL substrate was purchased from Bio‐Rad (Alcobendas ‐ Madrid, 

Spain).  

Fura‐2 acetoxymethyl ester (Fura2 AM) and Pluronic® F‐127 were purchased from 

Biotium (Hayward, CA, USA) and Invitrogen, respectively. Nifedipine was supplied by Sigma‐

Aldrich (Madrid, Spain). Protein A/G PLUS‐Agarose sc‐2003 was obtained from Santa Cruz 

Biotechnology Inc. (Santa Cruz, CA, USA). All other reagents and chemicals were of analytical 

grade from Sigma‐Aldrich (Madrid, Spain) or Roche–Merck (Darmstadt, Germany). 

 

3.2 Preparation of rat CGN 

 

CGNs were prepared from 7-day-old Wistar rats as previously described 27,36,40. Animal 

care and experimental procedures were performed in accordance with the Spanish regulations 

and approved by the Ethical Committee of the University of Extremadura.  

Cells were plated at a density of 2.5 × 106 cells/dish in Dulbecco’s Modified Eagle 

medium (DMEM) supplemented with 10% heat‐inactivated fetal bovine serum, 5 mM glucose, 

19.63 mM KCl, 3.7 ng/mL insulin, 7 μM 4‐aminobenzoic acid, 50 U/mL penicillin, 25 U/mL 
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streptomycin, 0.91 mM pyruvate, and 2 mM glutamine on 35 mm diameter dishes (Corning, NY, 

USA) coated with poly‐D‐lysine. Forty-eight hours after plating (2 days in vitro – DIV2) CGN were 

treated with 10 μM cytosine arabinofuranoside to prevent the replication of non‐neuronal cells. 

At DIV7, the culture medium was replaced with the serum‐free DMEM:F12 medium (1:1) 

supplemented with 12.5 mM glucose, 20.82 mM KCl, 5 μg/mL insulin, 0.1 mg/mL apo‐

transferrin, 20 nM progesterone, 50 U/mL penicillin, 25 U/mL streptomycin, 0.1 mg/mL 

pyruvate, and 2 mM L‐glutamine. CGN cultures were kept at 37 °C in a humidified atmosphere 

of 95% air/ 5% CO2 and mature CGN at DIV8-10 were used in all the experiments.  

The MLocke’s K25 buffer composition (pH 7.4 at 37 °C) was as follows: 4 mM NaHCO3, 

10 mM Tricine, 5 mM glucose, 2.3 mM CaCl2, 1 mM MgCl2, 134 mM NaCl and 25 mM KCl. 

 

3.3 Aβ(1–42) solutions and aggregation state 

 

Unlabeled Aβ(1–42),  scrambled Aβ(1–42)  and human Aβ(1-42)*555 stock solutions 

were prepared by dissolving the solid lyophilized peptide in 1% NH4OH, and then diluted with 

PBS to the desired concentration22. The aggregation states of Aβ(1–42) stock solutions used in 

this work were evaluated using the rapid photoinduced cross‐linking of unmodified proteins 

approach as described in other works48,49. Briefly, 177 μM of Aβ(1–42) was diluted in 60 mM 

NaOH and 10 mM phosphate (pH 7) and sonicated in a water bath (Selecta Ultrasons) at 150 

watts for 1 min and then centrifuged at 16,000 g during 10 min. The supernatants were collected 

and treated with 60 μM Tris(2,2′‐bipyridyl)dichloro‐ruthenium(II) hexahydrate and 4.4 mM 

(NH4)2S2O8 and then placed in the sample compartment of a Perkin‐Elmer 650‐40 fluorimeter 

(Perkin‐Elmer, Waltham, MA, USA) and irradiated at 452 nm emitted by the fluorimeter 150 

watts Xenon lamp during 1 s at room temperature (RT). Afterwards, the reaction was stopped 

by the addition of β‐mercaptoethanol (5% v/v ) plus sample buffer [95 mM tris‐(hydroxymethyl) 

aminomethane (Tris)‐HCl buffer, pH 6.8/ 3% sodium dodecyl sulfate (SDS)/13% glycerol, and 

0.005% bromophenol blue] and heated at 37ºC during 15 min. Samples were loaded into the 

gradient Tricine-SDS-polyacrylamide gel and run as previously described50. 

 

3.4 Cell viability 

 

Mature CGN were treated with different concentrations of Aβ(1–42) (0.75-5 μM) in 

serum‐free DMEM:F12 medium at 37 °C and 5% CO2. After 48 h incubation, CGN plates were 

washed once with 1 mL MLocke’s K25 buffer to remove the excess of culture media and cell 

viability was measured by addition of MTT [3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium 
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bromide] as described in previous works of our lab27,36,51,52. Untreated cells were regarded as 

controls (100% cell survival) and the cell survival ratio was expressed as the percentage of the 

control. 

 

3.5 Co‐Immunoprecipitation 

 

CGN lysates were prepared in lysis buffer [25 mM Tris–HCl, pH 7.4, 150 mM NaCl, 5 mM 

ethylenediaminetetraacetic acid (EDTA), 50 mM NaF, 5 mM NaVO3, and 0.25% 4‐(1,1,3,3‐

tetramethyl butyl) phenyl‐polyethylene glycol (Triton X‐100), supplemented with 1x 

SIGMAFASTTM protease inhibitor cocktail] plus 50% glycerol (v/v). Thereafter, the protein 

concentration was determined using the Bradford`s protocol and samples were kept at -80ºC 

until use. 

Before co‐immunoprecipitation experiment, CGN lysates were incubated with 10 mM of 

methyl‐β‐cyclodextrin (MβCD) during 30 min at 4 °C with continuous shaking. The procedure 

used for co‐immunoprecipitation is described in the technical data sheet of protein A/G PLUS‐

Agarose. Briefly, lysates (200 µg) were incubated with 5 μg mouse anti‐Aβ antibody at 4ºC with 

continuous mixing for 1 h. Then, samples were incubated overnight with 65 μL of protein A/G 

PLUS‐Agarose, at 4°C with continuous shaking. In the next day, control sample was incubated 

with phosphate buffered saline (PBS) and treated sample was incubated with 250 nM Aβ(1–42) 

in PBS for 1 h at 4°C with continuous shaking. After centrifugation at 2500 × g during 5 min at 

4°C, the supernatant was removed and the precipitated matrix was washed three times with 50 

μL PBS (control sample) or 50 μL PBS plus 250 nM Aβ(1–42) (treated sample) and centrifugated 

(2500 × g, 5 min at 4 °C) between each washing step. At the end, the supernatant was discarded 

and the matrix was resuspended in 80 μL of electrophoresis sample buffer and boiled for 3 min. 

Samples were stored at −20 °C until running on a SDS–polyacrylamide gel electrophoresis (SDS‐

PAGE) for western blotting analysis. 

 

3.6 Western blotting 

 

Depending on the molecular weights of the target proteins, SDS‐PAGE were run at 

concentrations of 7.5%, 10.4%, 13.5% or 15% acrylamide, with 20 μg CGN lysates or 15–20 μL 

co‐immunoprecipitated sample per lane. After gel transference to PVDF (polyvinylidene 

difluoride) membranes (0.2 μm pore size), the blocking step was performed with 3% BSA in Tris‐

buffered saline (TBS) supplemented with 0.05% polyoxyethylene sorbitan monolaurate (TBST) 

for 1 h at RT. Next, membranes were washed six times with TBST (washing step) and incubated 
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with the respective primary antibody at the dilution of 1:1000 in TBST for anti‐Cav1, anti‐HRas, 

and anti‐LTCC antibodies and at a dilution of 1:2000 in TBST for anti‐CaM and anti‐cellular prion 

protein (PrPc) antibodies. After incubation overnight at 4°C, membranes were submitted to the 

washing step and incubated with the appropriate secondary IgG antibody conjugated with 

horseradish peroxidase at a dilution of 1:5000 in TBST, for 1 h at RT. Finally, PVDF membranes 

were washed (washing step), incubated with the Bio‐Rad Clarity Western ECL substrate and 

Western blots were revealed with Bio‐Rad ChemiDocTM XRS+ (Bio‐Rad, Hercules, CA, USA). Data 

was analyzed with Image Lab 6.0.1 software. 

 

3.7 Measurements of internalization of Aβ(1–42)‐HiLyteTM‐Fluor555 in mature CGN 

 

The internalization of Aβ(1–42) was measured by  fluorescence microscopy with Aβ(1–

42)‐HiLyteTM‐Fluor555 (Aβ(1-42)*555) as described in other works15,53. The amount of 

internalized Aβ(1–42) was determined from the increase in red fluorescence (RF) intensity in 

CGN somas at different times of incubation (up to 2 h) at 37 °C and 5% CO2 with a total 

concentration of 2 μM of Aβ(1–42) (1.8 μM of unlabeled Aβ(1–42) monomers plus 0.2 μM of 

Aβ(1-42)*555 monomers) added to the serum‐free DMEM:F12 medium. After incubation, the 

medium was replaced by MLocke’s K25 and the CGN plates were placed in the holder of the 

thermostated fluorescence microscope (37°C). Image acquisition was performed with a 

Hamamatsu Orca‐R2 CCD camera (Hamamatsu, Hamamatsu‐city, Japan; binning mode 2 × 2) 

attached to a Nikon Diaphot 300 epifluorescence microscope (Tokyo, Japan) with a NCF Plan 

ELWD 40× objective, using an excitation filter of 556 nm and a dichroic mirror of 580 nm with 

an emission filter of 590 nm, and 0.03 s exposure time. The quantitative analysis was done with 

HCImage software using the region of interest (ROI) tool of the selected neuronal soma.  

In parallel experiments, increasing concentrations of Aβ(1-42)*555 in Mlocke’s K25 in 

the Petri plate was recorded for calibration of the Aβ(1-42)*555 fluorescence under the same 

experimental conditions as earlier described. The average intensity readings per pixel in CGN 

neuronal somas were taken from several fields for a total number of 102 cells, and after 

subtraction of CGN autofluorescence. 

 

3.8 Fluorescence Resonance Energy Transfer (FRET) imaging 

 

FRET imaging was performed as in previous works of our lab27,52,54. First, CGN were 

washed with MLocke’s K25 and then cells were fixed in the petri plates [2.5% para‐

formaldehyde, 3 mM MgCl2, 2 mM EDTA, and 0.32 M sucrose in PBS (5 mM sodium phosphate, 
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137 mM NaCl and 27 mM KCl, pH 7)]. After, CGN were blocked with 1% BSA in PBS supplemented 

with 0.2% Triton X‐100 (PBST) for 1 h at 37 °C, washed three times with PBS (washing step) and 

then incubated during 1 h at 37 °C with the target primary antibody in PBS. The primary 

antibodies used in FRET experiments were: rabbit anti‐CaM (1:200), goat anti‐HRas (1:100), 

rabbit anti‐Cav1 (1:100), mouse anti‐PrPc (1:100), and rabbit anti‐LTCC α1C subunit (1:50). Then, 

cells were washed (washing step) and incubated with the appropriate Alexa488‐labeled 

secondary antibody in PBST (1:200) for 1 h. Afterwards, cells were washed (washing step) and 

placed at the holder of the fluorescence microscope for image acquisition of cells only with the 

donor dye. Images of CGN were acquired with an excitation filter of 470 nm, and 510 nm dichroic 

mirror/520 nm emission filter (green fluorescence, GF), using the exposure times indicated for 

each case in the legends for the figures. Of note, the specificity of primary antibodies for the 

selected target proteins was first assessed by the presence of the major/most intense band at 

the expected protein molecular weight in the western blotting run with CGN lysates. In most 

cases, this band accounts for more than 90% of the total band staining (see Supplementary 

Figure S.1). 

After finishing the acquisition of FRET donor images, CGN were incubated with 50 or 100 

nM Aβ(1-42)*555 in PBS for 60 min at 37 °C with gentle mixing. Then, plates were placed at the 

holder of fluorescence microscopy for cell imaging. Contribution of CGN autofluorescence and 

secondary Alexa488‐antibody in the absence of the primary antibody were also assessed and 

we found to be lower than 10% of the average fluorescence intensity per pixel obtained with 

specific primary antibodies. The background signal was subtracted to determine RF/GF ratio 

obtained with CGN plates. Due to the close absorbance spectrum of Cy3 fluorescent antibody 

and Aβ(1-42)*555, significant FRET efficiency using this experimental approach implies that the 

selected protein was separated by less than 50 nm from Aβ(1-42)*555, as discussed in detail in 

previous works27,40.  

Regarding FRET imaging using a fluorescent acceptor antibody bound to another protein 

target (e.g., CaM stained with a Alexa488 fluorescent secondary antibody as donor and HRas 

stained with a Cy3 fluorescent secondary antibody as acceptor) we used the protocol described 

in other publications of our laboratory27,40. Briefly, after finishing the acquisition of FRET donor 

images, CGN were incubated for 1 h at 37 °C with the acceptor target primary antibody as 

indicated above, washed three times with PBS (washing step), then incubated for 1 h with the 

appropriate Cy3‐labeled secondary antibody in PBST (1:200), and washed again for further 

image acquisition.  Controls were also run in the absence of the second primary antibody to 

correct for partial loss of the donor fluorescence produced by the treatment to label the second 

protein, on average between 20 and 25% loss of the donor fluorescence, and also to subtract 
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background signals. Quantitative analysis of the average fluorescence intensity per pixel of 

selected neuronal soma was done with the HCImage software using the ROI tool, as in previous 

works. The mean ± s.e. intensity reading of fluorescence per pixel within CGN somas were 

obtained in experiments performed in triplicate (n > 100 CGN somas in each case). As discussed 

in previous works27,55 significant FRET efficiency using this experimental approach implies that 

the selected proteins were separated by ≤ 80 nm. 

 

3.9 Measurement of the intracellular free Ca2+ Concentration ([Ca2+]i) 

 

[Ca2+]i was measured as in previous works27,34,36,51. Briefly, mature CGN were treated with 

2 μM Aβ(1–42) for 2 h or 5 h at 37 °C and 5% CO2 with continuous and gentle mixing. Before the 

end of the incubation with Aβ(1–42), CGN were loaded with 5 μM Fura2 AM plus 0.025% 

Pluronic® F-127 at 37 °C for 1 h. Afterwards, cells were washed twice with 1 mL MLocke’s K25 

buffer and petri dishes placed at the thermostatic holder (37ºC) of the Nikon Diaphot 300 

inverted epifluorescence microscope. Image acquisition was recorded with 340 and 380 nm 

excitation filters and a 510 nm dichroic mirror/520 nm emission filter with a Hamamatsu Orca‐

R2 CCD camera (binning mode 2 × 2) and Lambda 10–2 filter wheel controller and subsequently 

analyzed with HCImage software. [Ca2+]i was calculated, using the following equation: [Ca2+]i = 

kD x [(R - Rmin)/(Rmax- R)], where R is the measured fluorescence ratio (340/380), and Rmax and 

Rmin are the ratio values (340/380) for Ca2+-bound and Ca2+ -free Fura2-loaded CGN. Rmax and Rmin 

were experimentally determined from steady-state fluorescence ratio (340/380) measurements 

after sequential addition to the culture medium of Fura2-loaded CGN of (1) nonfluorescent Ca2+ 

ionophore 4-Bromo-A23187 (5 µg/ml) or ionomycin (5 µg/ml), and (2) 10 mM EGTA, 

respectively. To obtain the values of [Ca2+]i we used the reported dissociation constant (kD) 

Fura2/Ca2+ of 224 nM56. 

To block LTCC activity we added 10 μM of nifedipine to the extracellular medium of 

Fura2-loaded CGN. The 340/380 ratio data given in this work were population averages ± s.e. 

intensity reading of fluorescence per pixel within CGN somas obtained using the ROI tool of the 

HCImage software (n > 100 CGN somas in each case). 

 

3.10 Statistical Analysis 

 

Statistical analysis was carried out by the Student’s t‐test and results were expressed as 

the mean standard error (s.e.). A significant difference was accepted at the p< 0.05 level. All 
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results were confirmed with duplicate measurements of at least three different CGN 

preparations. 

 

4. Results 

 

4.1 Co‐Immunoprecipitation of CaM with submicromolar concentrations of Aβ(1–42) in CGN 

lysates 

 

 As demonstrated in a previous work of our lab, the kD value of the complex Aβ(1–42)  

with purified CaM is around 1 nM22, highlighting that CaM could be a major target for nanomolar 

concentrations of Aβ(1-42) in neurons. In this study, we demonstrated the formation of CaM-

Aβ(1–42) complexes in mature CGN (Figure 1A) using the co-immunoprecipitation method 

described in the experimental section of Materials and Methods. After CGN treatment with 10 

mM MβCD for 30 min to solubilize and dissociate the proteins in lipid rafts, the formation of 

CaM-Aβ(1–42) complexes were demonstrated by the co‐immunoprecipitation of CaM with the 

anti‐Aβ(1–42) antibody in CGN lysates in the presence of 250 nM Aβ(1-42). Besides the 

complexation of CaM-Aβ(1–42), the western blotting in Figure 1A shows also a small fraction of 

CaM molecules in the absence of Aβ(1–42), which can be explained by its association with poorly 

solubilized membrane fragments, because as mentioned before CaM binds with high affinity to 

several proteins that are associated with lipid rafts, such as PMCA27,57, LTCCs40,55 and CaMKII36,37. 

We quantified the total amount of CaM in CGN lysates by Western blotting using known 

concentrations of purified CaM and CGN lysatesand the results yielded 5.5 ± 0.5 ng of CaM/ µG 

of CGN protein (Figure 1B). As the 35 mm Petri dishes are seeding with 2.5x106 CGN cells, which 

correspond to 170 ± 20 µg of CGN protein per plate approximately, we calculated an average of 

935 ± 110 ng of CaM per plate (i.e., 56 ± 6 picomoles of CaM per plate). The state of aggregation 

of Aβ(1–42) solutions used in this work was determined as described in Materials and Methods 

section. Results (Figure 2) show a major band of a molecular weight close to 9 kDa and a faint 

band of molecular weight between 12 and 15 kDa. As the monomer molecular weight of Aβ(1–

42) is approximately 4.5 kDa, these results indicate that dimers were the predominant 

aggregation state of Aβ(1–42) in the stock solutions used in this work, with a minor (<10%) 

contribution of trimers, implying that each petri dish contains up to 120 ±13 picomoles of Aβ(1–

42) that can be bound by CaM. It is also noted that Aβ(1–42) monomers were not detected in 

our stock solutions.  
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Figure 1. Co‐immunoprecipitation between calmodulin (CaM) and Aβ(1–42) in CGN. A) Western blotting 

of CaM (anti‐CaM) after co‐immunoprecipitation assay with mouse anti‐Aβ antibody in the absence and 

presence of 250 nM Aβ(1-42). B) Quantification of CaM content in CGN lysates using known 
concentrations of purified CaM by Western blotting of CaM. 

 

 

Figure 2. Gradient Tricine-SDS PAGE of Aβ(1-42) solutions used in this work. Lanes: (1) Low molecular 
weight markers; (2) 177 μM Aβ(1-42) in PBS supplemented with 60 mM NaOH after preincubation during 
2 h at 37ᵒC; (3) 177 μM Aβ(1-42) in PBS after preincubation during 2 h at 37ᵒC; (4) 177 μM Aβ(1-42) in PBS 
without preincubation at 37ᵒC. Molecular weight of the Aβ(1-42) monomer = 4.514 kDa. 
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4.2 Extensive co‐localization between CaM and Aβ(1–42) HiLyteTM‐Fluor555 (Aβ(1-42)*555) 

in mature CGN demonstrated by Fluorescence Resonance Energy Transfer (FRET) imaging  

 

We used FRET imaging technique to assess the spatial proximity between Aβ(1-42)*555 

and CaM in fixed CGN. First, we had to experimentally define the optimal concentration of Aβ(1-

42)*555 in order to highlight only the subcellular location of the high affinity binding sites for 

Aβ(1–42), and for that purpose we used i) the lowest Aβ(1-42)*555 concentration as possible 

and ii) an excitation filter of 470 nm as an alternative of 556 nm to minimize the background 

fluorescence obtained from the binding of Aβ(1-42)*555 to the Petri plate.  

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3. Fluorescence microscopy analysis of fixed CGN stained with Aβ(1–42)*555. (A) Representative 
Fluorescence microscopy images of mature CGN without staining‐autofluorescence (b) and CGN stained 
with 50 nM (d) or 100 nM (f) of Aβ(1–42)*555 incubated for 1 h at 37 °C and 5% CO2. Bright field (BF) and 
RF images are shown for representative selected fields. The exposure time for RF images was 0.4 s. Scale 
bar inserted in fluorescence microscopy images = 10 μm. (B) Quantitative fluorometric analysis of Aβ(1–
42)*555 bound to CGN. The results yielded a 2.3‐fold and 4‐fold increase (mean of triplicate experiment 
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± s.e.) of the fluorescence of CGN stained with 50 nM and 100 nM Aβ(1–42)*555 with respect to the CGN 
autofluorescence, respectively. 

  

Representative fluorescence microscopy images of CGN stained with 50 and 100 nM of 

Aβ(1-42)*555 as well as CGN autofluorescence (without Aβ(1-42)*555 treatment) are presented 

in Figure 3A, and the quantitative fluorometric analysis (mean of triplicate experiment) are 

presented in the Figure 3B. The results showed that 50 and 100 nM of Aβ(1-42)*555 gave a 

fluorescence intensity significantly higher than the CGN autofluorescence, yielding a 2.3 and 4-

fold increase in the fluorescence signal, respectively. Aiming to minimize as much as possible 

the endogenous contribution of red autofluorescence of CGN, we selected a concentration of 

100 nM of Aβ(1-42)*555 for FRET experiments. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Extensive FRET between anti‐CaM antibody stained with a secondary Alexa488 fluorescent 
antibody and Aβ(1-42)*555 in fixed and permeabilized mature CGN. (A) Representative fluorescence 
microscopy images of CGN stained with anti‐CaM antibody/ IgG‐Alexa488 (CaM*A488, a–c) or with anti‐
CaM/IgG‐Alexa488 plus Aβ(1-42)*555 (CaM*A488/Aβ*555), d–g). BF, GF, and RF images are shown for 
each one of the selected fields, and the orange‐yellow areas (Merge image, g) point out the higher 
intensity FRET regions. The exposure time for GF and RF images was 0.03 s. Scale bar inserted in 
fluorescence microscopy images = 10 μm. (B) Ratio of red/green fluorescence intensity per pixel (RF/GF) 
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obtained from the analysis of the fluorescence intensity data of CGN somas stained with anti‐CaM*IgG‐
Alexa488 only (CaM*A488) and double stained with anti‐CaM*IgG‐Alexa488/Aβ(1-42)*555 
(CaM*A488/Aβ*555). The results shown in (B) are the mean ± s.e. (*) p < 0.05 (i.e., statistically significant 
with respect to the control (CGN labeled with the Alexa488 FRET donor only)). 

 

Furthermore, part of Aβ(1-42)*555 were adsorbed non‐specifically to the plastic of the 

Petri dish, which decreases the concentration of Aβ(1-42)*555 available to bind to the CGN cells. 

To quantify this unspecific adsorption, 100 nM of Aβ(1-42)*555 was added to a Petri plate with 

1 mL of MLocke’s K25 buffer and incubated under mild stirring for 30 min. 

The amount of Aβ(1-42)*555 free in the Petri dish was measured in quartz fluorescence 

cuvettes in a fluorimeter with excitation and emission wavelengths of 550 and 573 nm and 

compared with the fluorescence intensity of standard solutions of Aβ(1-42)*555 prepared 

directly in the quartz cuvette.  We calculate that the free and available concentration of Aβ(1-

42)*555 for binding to CGN cells was half (50 nM of Aβ(1-42)*555) the total Aβ(1-42)*555 added 

to the Petri dish. 

FRET imaging was assessed with anti-CaM conjugated with IgG‐Alexa 488 (anti‐

CaM*A488) to experimentally confirm the formation of CaM-Aβ(1–42) complexes. The Figure 

4A shows representative fluorescence microscopy images of mature CGN fixed and stained with 

anti‐CaM*A488 in the absence and presence of 100 nM of Aβ(1-42)*555. The merged image 

(Figure 4Ag) highlights an extensive co‐localization (0.2 μm of pixel size) between anti‐

CaM*A488 and Aβ(1-42)*555, both in the neuronal somas and extensions.  As demonstrated in 

Figure 4B, the increase in the red/green fluorescence intensity ratio after subtraction of the red 

intensity by direct excitation of Aβ(1-42)*555 shows that most of the anti‐CaM*A488 molecules 

lay within an efficient FRET distance range with Aβ(1-42)*555 (i.e., < 50 nm) for this donor–

acceptor pair. Furthermore, after addition of 5 mM CoCl2 to the Petri plate, we observed about 

80% quenching of the RF intensity derived from Aβ(1-42)*555, yielding RF microscopy images 

like the CGN autofluorescence image shown in Figure 3Ab. Of note, the inner filter effect due to 

the absorbance of 5 mM Co2+ in the wavelength range 470–550 nm, calculated as indicated in 

the Materials and Methods section, can only account for less than 5% quenching of this 

fluorescence. At millimolar concentration, Co2+ is a well Ca2+ channel blocker and also binds to 

Ca2+ sites in proteins58,59. Co2+ has a R0 value of 1.2 nm as the FRET acceptor of the green 

fluorescence of fluorescein60. Therefore, due to the small CaM size, our results were fully 

consistent with the extensive complexation of Aβ(1-42)*555 with CaM shown by FRET imaging 

in CGN. 
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4.3. FRET imaging highlights the association of Aβ(1-42)*555 and CaM with lipid rafts markers 

in mature CGN 

 

Aiming to experimentally assess if Aβ(1-42)*555 co-localize with lipid rafts of mature 

CGN, we used antibodies against the protein markers of CGN lipid rafts matured in vitro: Cav1 

and HRas27. We also used the antibody against PrPc, which is also a neuronal marker of lipid rafts 

that has been shown to form complexes with Aβ61,62. Representative fluorescence microscopy 

images of CGN stained with anti‐Cav1 conjugated with IgG‐Alexa 488 (anti‐Cav1*A488), anti‐

HRas conjugated with IgG‐Alexa 488 (anti‐HRas*A488), and anti‐PrPc conjugated with IgG‐

Alexa488 (anti‐PrPc*A488) in the absence and presence of 100 nM of Aβ(1-42)*555 are shown 

in the Figure 5A–C. In all cases, the addition of Aβ(1-42)*555 caused a large attenuation of the 

GF and a significant increase in RF intensity that was higher than the fluorescence intensity 

obtained derived from direct excitation of the Aβ(1-42)*555. The Figure 5D shows the mean of 

the red/green fluorescence intensity ratio after correction for the RF due to direct excitation of 

Aβ(1-42)*555 and results show extensive FRET between anti‐Cav1, anti‐HRas, and anti‐PrPc and 

the Fluor555 dye bound to Aβ(1-42). 

It is important to highlight that the donor/acceptor FRET pair with a higher increase in 

the ratio intensity was anti‐PrPc*A488/Aβ(1-42)*555. This result is in good agreement with the 

formation of complexes reported elsewhere between PrPc and Aβ and also with the fact that in 

this work we did not observed co‐immunoprecipitation between Cav1 and HRas with Aβ(1-42) 

in GCN lysates (see Supplementary Figure S.2). In addition, the merge images also point out for 

a higher intensity of lipid rafts in neuronal somas, since the extensions are less stained with the 

protein markers anti‐Cav1*A488, anti‐HRas*A488 and anti‐PrPc*A488, which confirm the 

results obtained in previous works with anti-Cav1 and anti-HRas27,40. Al together, these findings 

confirmed an extensive association of Aβ with lipid rafts of mature CGN.  

The Figure 6A shows representative fluorescence microscopy images of CGN stained 

with anti‐CaM conjugated with IgG‐Alexa 488 (anti‐CaM*A488), anti‐HRas conjugated with 

IgG*Cy3 (anti‐HRas*Cy3), and with both anti‐CaM*A488 and anti‐HRas*Cy3. There is an 

extensive co‐localization between CaM and HRas showed by the merge image (Figure 6Ag), 

because pixels that maintain the original green and red colors are hardly seen. The large increase 

in the red/green ratio of fluorescence intensities in CGN double stained with anti‐CaM*A488 

and anti‐HRas*Cy3 with respect to CGN stained only with anti‐HRas*Cy3 (Figure 6B) pointed out 

a high efficiency of FRET between Alexa 488 and Cy3. Therefore, these results showed that most 

of the anti‐CaM*A488 and anti‐HRas*Cy3 bound to fixed CGN were within the FRET distance 

using this experimental approach (i.e., < 80 nm27,55). 
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Figure 5. Extensive FRET between the lipid rafts markers Cav1, HRas, PrPc, and Aβ(1–42)*555.  
A) Representative quantitative fluorescence microscopy images of CGN stained with anti‐Cav1 

RF GF Merge BF 

P
rP

c*
A

48
8

 +
  

1
00

 n
M

 A
β

*5
5

5
 

C
av

1
*A

48
8

 +
  

1
0

0
 n

M
 A

β
*5

5
5

 
C

av
1

* 
A

48
8

  

No signal 

over 

background  
H

R
as

* 
A

48
8

 

No signal 

over 

background  

P
rP

c*
A

4
8

8
 

H
R

as
*A

48
8

 +
  

1
0

0
 n

M
 A

β
*5

5
5

 

A) 

No signal 

over 

background  

a b c 

d e f g 

(B) 

(C) 

a b c 

a b c 

d e f g 

d e f g 

D) 

* 

-

+ 100 n
M

 A
*555 -

+ 100 n
M

 A
*555 -

+ 100 n
M

 A
*555

0.0

0.5

1.0

1.5

2.0

Ra
tio

 R
ed

/G
re

en

Anti-Cav1

Anti-HRas

Anti-PRPc
* 

* 



72 
 

antibody/IgG‐Alexa488 (Cav1*A488, a–c) or with anti‐Cav1/IgG‐Alexa488 and Aβ(1-42)*555 
(Cav1*A488/Aβ*555, d‐g). B) Representative quantitative fluorescence microscopy images of CGN stained 
with anti‐HRas antibody/IgG‐Alexa488 (HRas*A488, a–c) or with anti‐HRas/IgG‐Alexa488 and Aβ(1-
42)*555 (HRas*A488/Aβ*555, d‐g). C) Representative quantitative fluorescence microscopy images of 
CGN stained with anti‐PrPc antibody/IgG‐Alexa488 (PrPc*A488, a–c) or with anti‐PrPc/IgG‐Alexa488 and 
Aβ(1-42)*555 (PrPc*A488/Aβ*555, d‐g). Bright‐field (BF), green fluorescence (GF), and RF images are 
shown for each of the selected fields, and the orange‐yellow areas (merge image) point out the higher 
intensity FRET regions (g, (A–C)). The exposure time for GF and RF images was 0.4 s. Scale bar inserted in 
fluorescence microscopy images = 10 μm. D) Ratio of red/green fluorescence intensity per pixel (RF/GF) 
obtained from the analysis of fluorescence intensity data of CGN somas stained with (i) anti‐Cav1/IgG‐
Alexa488 only (Cav1*A488) and double stained with anti‐Cav1*IgG‐Alexa488/Aβ(1-42)*555 
(Cav1*A488/Aβ*555); (ii) anti‐HRas/IgG‐Alexa488 only (HRas*A488) and double stained with anti‐
HRas*IgG‐Alexa488/Aβ(1-42)*555 (HRas*A488/Aβ*555); and (iii) anti‐PrPc/IgG‐Alexa488 only 
(PrPc*A488) and double stained with anti‐PrPc*IgG‐Alexa488/Aβ(1-42)*555 (PrPc*A488/Aβ*555). The 
results shown in panel D are the mean ± s.e.(*) p < 0.05, (i.e., statistically significant with respect to the 
control, CGN labeled with the Alexa488 FRET donor only). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. Extensive FRET between CaM and HRas. A) Representative quantitative fluorescence 
microscopy images of CGN stained with the anti‐CaM antibody/IgG‐Alexa488 (CaM*A488, a–c) or with 
anti‐CaM/IgG‐Alexa488 and Anti‐HRas antibody/IgG‐Cy3 (CaM*A488/HRas*Cy3, d–g). BF, GF, and RF 
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images are shown for each of the selected fields, and the orange‐yellow areas (Merge image, g) point out 
the higher intensity FRET regions. The exposure time for GF and RF images was 0.05 s. Scale bar inserted 
in fluorescence microscopy images = 10 μm. B) Ratio of red/green fluorescence intensity per pixel (RF/GF) 
obtained from the analysis of fluorescence intensity data of CGN somas stained with anti‐CaM/IgG‐
Alexa488 only (CaM*A488) and double stained with anti‐CaM*IgG‐Alexa488/anti‐HRas*IgG‐Cy3 
(CaM*A488/ HRas*Cy3). The results are the mean ± s.e. (*) p< 0.05 (i.e., statistically significant with 
respect to the control, CGN labeled with the Alexa488 FRET donor only). 
 
 

4.4. A short time incubation with submicromolar concentrations of Aβ(1–42) decreases the 

resting cytosolic Ca2+ concentration through inhibition of LTCCs in mature CGN 

 

The cell viability assay of mature CGN incubated for 48 h with different concentrations 

of Aβ(1-42) showed at most 10-20% loss of cell viability up to  5µM with Aβ(1-42) (Figure 7).  

 

 

Figure 7. The cell viability of mature CGN was not significantly affected by Aβ(1–42) at the 
concentrations tested (0.75–5 μM) after 48 h of incubation. Cell viability was measured using the MTT 
assay as indicated in the Materials and Methods section. The results were the average ± s.e. of 
experiments done in triplicate, with two different preparations of CGN. 
 

These results allowed us to study the effect of cytosolic Ca2+ dysregulation induced by 

Aβ(1-42) after incubation in mature CGN for several hours and with micromolar concentrations 

of this peptide. Nevertheless, we selected a shorter time of incubation (up to 5h) and an 

extracellular micromolar concentration of 2µM Aβ(1–42) to be able to study the effect of 

submicromolar concentrations of this peptide on resting Ca2+ concentration, because it has been 

shown that small oligomeric states of this peptide are internalized in neurons with a half‐time 

of 12–14h15. 

After 2 h and 5 h incubation of GCN with 2 μM Aβ(1–42) we observed a statistically 

significant decrease of Fura2 ratio (340/380) from 1.1 ± 0.1 (control) to 0.71 ± 0.07 (treated cells 
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with Aβ(1-42))(p < 0.05), in other words, Aβ(1-42) induced a decrease of intracellular Ca2+ 

concentration ([Ca2+]i] from 160 ± 30 nM to 71 ± 7 nM (Figure 8). In addition, the LTCC blocker 

nifedipine did not significantly change the ratio (340/380) of control and CGN cells treated with 

Aβ(1-42), demonstrating that Aβ(1–42) reduces the specific contribution of LTCCs to the resting 

cytosolic Ca2+ concentration in mature CGN in MLocke´s K25 medium. In fact, the difference 

between the ratio (340/380) in the absence and presence of nifedipine decreased from 0.64 in 

CGN nontreated with Aβ(1–42) to 0.30 and 0.32 in CGN incubated with 2 μM Aβ(1–42) for 2 and 

5 h, respectively. Also, controls ran up to 2 h incubation with 2μM of scrambled Aβ(1–42) did 

not induced alterations of the resting cytosolic Ca2+ concentration (data not shown). Therefore, 

the results obtained in this work pointed out that 2 h of incubation with 2 μM Aβ(1–42) in 

mature CGN, were enough to produce approximately 50% inhibition of LTCC activity. 

We measured the concentration of internalized Aβ after 2 h incubation with 2 μM Aβ(1-

42) added to the extracellular medium of mature CGN, using Aβ(1-42)*555. RF images of CGN 

were acquired with an excitation filter of 556 nm and a dichroic mirror of 580 nm with an 

emission filter of 590 nm as described in Materials and Methods section. The increase of RF 

intensity after subtraction of cell`s red autofluorescence (Figure 9A) was compared with the RF 

intensity of the medium supplemented with different concentrations of Aβ(1-42)*555 (Figure 

9B). From these results obtained, we calculated that after incubation with 2 μM of Aβ(1–42) (1.8 

μM of unlabeled Aβ(1–42) monomers plus 0.2 μM of Aβ(1-42)*555 monomers) for 2 h, the 

intracellular concentration of Aβ was 193 ± 21 nM of Aβ(1-42), assuming that there was not a 

significant difference between the rate of internalization of Aβ(1-42)*555 and unlabeled Aβ(1–

42) (i.e., a concentration high enough to saturate all CaM present in CGNs). 
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Figure 8. Intracellular cytosolic Ca2+ concentration decreases in the neuronal soma after Aβ(1–42) 
treatment. Mature CGN were pre‐incubated with 2μM Aβ(1–42) for 2 h or 5 h at 37 °C and 5% CO2 and 
loaded with 5 μM Fura2 AM for 1 h, as previously described in Materials and Methods section. Nifedipine 
(10 μM), a Ca2+ channel blocker, was used as positive control to confirm the effect of the total blockade 
of LTCCs. A) Representative ratio (340/380) images of Fura2‐loaded CGN of untreated (a) and treated cells 
with 2 μM Aβ(1–42) for 2 h (b) or 5 h (c) and after the addition of nifedipine in the control group (d) and 
in cells treated with 2 μM Aβ(1–42) for 2 h (e) or 5 h (f). Scale bar inserted in fluorescence microscopy 
images = 10 μm. B) Kinetic plots of the average ± s.e. fluorescence ratio (340/380) before and after the 
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addition 10 μM nifedipine (+Nif) at the time indicated by the blue arrow. C) The analysis of fluorescence 
intensity data for GCN loaded with Fura2 showed a statistically significant decrease (≈50%) in the steady 
ratio (340/380) after Aβ(1–42) treatment (2 h and 5h) with respect to the control (untreated cells), p < 
0.05. The addition of nifedipine totally blocks the entry of Ca2+ in the soma in untreated and treated cells 
as demonstrated by the decrease in the ratio showing that Aβ partially attenuates LTCC function. The ratio 
(340/380) values shown are the average ± s.e. of experiments done in triplicate with at least two different 
preparations of CGN (n > 400 neuronal somas of fields taken from at least six plates for each condition). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

Figure 9. Internalization of Aβ(1-42)*555 in mature CGN. A) Representative BF and RF images of mature 
CGN after 2 h incubation with 2 μM of Aβ(1–42) (1.8 μM of Aβ(1–42) monomers plus 0.2 μM of Aβ(1-
42)*555 monomers ) in DMEM:F12 medium with 25 mM KCl acquired with an excitation filter of 556 nm 
and a dichroic mirror of 580 nm with emission filter of 590 nm, and 0.03 s exposure time. No significant 
autofluorescence of CGN in the absence of Aβ(1-42)*555 was detected over background with these 
experimental conditions and this short exposition time. After the 2 h incubation of CGN with Aβ(1-42)*555 
the medium was replaced by MLocke’s K25 buffer assay and the Petri plate was placed in the holder of 
the fluorescence microscope (37ᵒC) for images acquisition. Scale bar inserted in fluorescence microscopy 
images = 10 μm. B) Calibration of the average intensity per pixel obtained with increasing concentrations 
of Aβ(1-42)*555 in MLocke’s K25 in the Petri plate. A.U. means arbitrary fluorescence units. Dotted line 
is the result of linear regression, R2=0.9729. The average intensity readings per pixel in CGN neuronal 
somas were taken from several fields for a total number of 102 cells and after subtraction of CGN 
autofluorescence yielded an internalized concentration of 193 ± 2.1 nM of Aβ(1-42) by interpolation in 
the calibration line shown in the panel (B). 
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4.5. Extensive FRET between LTCCs and Aβ(1-42)*555 in fixed mature CGN is largely reversed 

by addition of exogenous CaM 

 

As mentioned before, we showed, in works of the laboratory, that LTCCs are extensively 

associated with lipid rafts in primary cultures of mature CGNs27,40,55, therefore this prompted us 

to experimentally evaluate the possibility that both LTCCs and Aβ(1–42) are associated within 

the same lipid rafts in CGN at a concentration of 100 nM Aβ(1-42). The Figure 10A shows 

representative fluorescence microscopy images of mature CGN stained with anti‐LTCC subunit 

α1C conjugated with IgG‐Alexa 488 (anti‐LTCCs*A488) (a-c) and 100 nM Aβ(1-42)*555 (d-g). The 

direct observation of images indicated that the GF is attenuated after the addition of Aβ(1-

42)*555 (Figure 10Ae). The results of the analysis of the red/green fluorescence ratio showed a 

2‐fold increase after 100 nM Aβ(1-42)*555 addition (Figure 10B), pointing out the occurrence of 

FRET between Alexa 488 conjugates of anti‐LTCC and the Fluor555 dye bound to Aβ. In addition, 

a detailed examination of the merge image (g) revealed significant variations of the extent of 

FRET between LTCCs and Aβ*555, as we can see by the color palette of different cellular 

submicrodomains within the neuronal soma and extensions. More intense yellow/orange‐

colored pixels highlighted submicrodomains with higher FRET efficiency. It is noteworthy that 

this leads to a punctate staining appearance of neuronal extensions that is reminiscent of 

dendritic spines. Therefore, these results demonstrated an extensive co‐localization of LTCCs 

and Aβ(1-42)*555 within the FRET distance in fixed mature CGN, which using this FRET approach 

was ≤ 50 nm, as indicated in the Materials and Methods section. However, we cannot account 

for a direct interaction and inhibition of LTCC activity by Aβ(1-42) due to the absence of co-

immunoprecipitation of LTCCs by Aβ(1-42) as demonstrated in the Supplementary Figure S.2. 
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Figure 10. Extensive FRET between LTTC and Aβ(1-42)*555. A) Representative quantitative fluorescence 
microscopy images of CGN stained with the anti‐LTCC subunit α1C/IgG‐Alexa488 antibodies (LTCC*A488, 
a–c) or with anti‐ LTCC/IgG‐Alexa488 and Aβ(1-42)*555 (LTCC*A488/Aβ*555), d–g). BF, GF and RF images 
are shown for each of the selected fields, and the orange‐yellow areas (Merge image) pointed out the 
higher intensity FRET regions (g). The exposure time for GF and RF images was 0.4 s. Scale bar inserted in 
fluorescence microscopy images = 10 μm. B) Ratio of red/green fluorescence intensity per pixel (RF/GF) 
of CGN somas stained with anti‐LTCC/IgG‐Alexa488 only (LTCC*A488) and double stained with anti‐
LTCC*IgG‐Alexa488/Aβ(1-42)*555 (LTCC*A488/Aβ*555). The results shown in (B) are the mean ± s.e. (*) 
p < 0.05 (i.e., statistically significant with respect to the control, CGN labeled with the Alexa488 FRET donor 
only).  
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Figure 11. Reversion by CaM of FRET between anti‐LTCC/IgG‐Alexa488 and Aβ(1-42)*555 (A) and 
quenching by Co2+ of the fluorescence of Aβ(1-42)*555 (B). A) Representative quantitative fluorescence 
microscopy images of CGN stained with anti‐LTCC subunit α1C/IgG‐Alexa488 and 50 nM of Aβ(1-42)*555 
(LTCC*A488/Aβ*555), after GF and RF image acquisition, 100 nM of purified CaM was added to the 
medium, and the plate was gently stirred for 15 min before acquisition of the images of selected fields in 
the presence of CaM. BF, GF, and RF images are shown for the selected fields, and the orange/yellow 
areas (merge image) point out the higher intensity FRET regions. The exposure time for GF and RF images 
was 0.5 s. Scale bar inserted in fluorescence microscopy images = 10 μm. B) Representative quantitative 
RF microscopy images of CGN stained with LTCC*A488/Aβ(1-42)*555 in the absence and in the presence 
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of 5 mM Co2+. After acquisition of RF images in the absence of Co2+, 5 mM of CoCl2 was added to the 
medium and images of the same field were acquired 5 min after incubation. The average intensity per 
pixel in the neuronal somas of five different fields were measured using HCImage software (n > 50 somas 
for each experimental condition), and are plotted below the fluorescence microscopy images of this panel 
(B). The results showed that 5 mM Co2+ completely quenched the fluorescence of Aβ*555, because the 
difference between the average intensity of the autofluorescence and of the fluorescence in the presence 
of 5 mM Co2+ was not statistically significant (p> 0.05). 

 

As early mentioned, CaM modulates LTCCs activity directly29,30 or indirectly through 

CaMK activation36,63,64, therefore we experimentally assessed the possibility that CaM provides 

the major anchor point for Aβ near LTCCs in lipid rafts of mature CGN. After acquisition of 

fluorescence microscopy images of CGN sained with anti‐LTCCs conjugated with IgG‐Alexa 488 

(anti‐LTCCs*A488) and 50 nM of Aβ(1-42)*555 we added 100 nM of purified CaM to the 

extracellular medium. We lowered the concentration of Aβ(1-42)*555 from 100 to 50 nM for 

two main reasons: i) to focus on the higher affinity binding sites for Aβ*555, and ii) to get a 

CaM/Aβ(1-42)*555 molar ratio much higher than 1. The Figure 11A shows representative 

images of CGN stained with anti‐LTCCs*A488 plus 50 nM of Aβ(1-42)*555 in the absence (a-d) 

and presence of 100 nM CaM (e-h). The results clearly show that CaM largely reverses the Aβ(1-

42)*555 fluorescence intensity of CGN in the somas and more extensively in the thicker neuronal 

extensions connecting aligned neuronal bodies (Figure 11Ag). The merge image (Figure 11Ah) 

also indicates the lack of FRET pointed out by the absence of yellow/orange-stained regions, 

that are widely visible in Figure11Ad. Moreover, the addition of 5 mM Co2+ to CGN stained with 

LTCCs*A488 plus 50 nM of Aβ(1-42)*555 caused more than 80% quenching of the total RF 

(Figure 11B), resulting in a RF image that was not significantly different to the image of the red 

autofluorescence of CGN shown in Figure 3. 

 

5. Discussion  

 

 The results obtained showed that at concentrations lower than 250 nM Aβ(1–42), 

structurally, this peptide in solution are present predominantly as dimers species (90%), with 

approximately 10% of trimers (Figure 2), with absence of monomers. Therefore, in this work we 

used the neurotoxic oligomeric form of Aβ(1-42). 

We observed a large complexation between Aβ(1–42) (250 nM) and CaM in cell lysates 

of mature CGN by using the co-immunoprecipitation method (Figure 1). This result was further 

confirmed by extensive FRET between anti-CaM stained with the Alexa 488 fluorescent 

secondary antibody and 100 nM of Aβ(1-42)*555 in fixed and permeabilized CGN (Figure 4). 

Moreover, taking into account the high content of CaM showed in other studies65,66 and in this 
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work (Figure 1) and the very low kD of the CaM-Aβ(1–42) complex (~1nM)22, our results pointed 

out that CaM is a major binding target for Aβ(1–42) in mature CGN. Since CGN seeded per Petri 

plate in this work contain 56 ± 6 picomoles of CaM, this implies that in these plates, CaM can 

bind up to 120 ± 13 picomoles of Aβ(1–42) monomers. Despite the fact that Aβ peptides binds 

also with high affinity with PrPc67 and to GSK3α68 (kD close to 1 nM), it is important to denote 

that these other target proteins of Aβ are expressed at much lower levels than CaM in neurons. 

Therefore, CaM can be seen as the major intracellular target protein for Aβ peptides in neurons, 

by playing a major role in keeping free intracellular concentration of Aβ peptides in the low 

nanomolar range. Consequently, it should be expected a stronger increase in free intracellular 

Aβ peptides and subsequent neuronal degeneration in brains affected with AD, because they 

contain lower CaM levels compared with normal brains21. In addition, it is expected that the 

formation of CaM-Aβ(1–42) complexes could act as intracellular transducers for focalized 

actions of Aβ peptides, because CaM plays a key role in neuronal metabolism, excitability and 

signaling through direct interaction with proteins that play a major role in neuronal functions in 

neurons.   

Aβ peptides have be found associated with neuronal lipid rafts, promoting specific 

signaling alterations69,70.  As reviewed in the Introduction section of this chapter, Aβ peptides 

bind to highly expressed cholesterol and gangliosides in lipid rafts, and also to 

phosphatidylserine, a lipid enriched in the neuronal plasma membrane. Moreover, PrPc, which 

is also expressed in neuronal lipid rafts, has been shown to bind Aβ peptides61,62,71 providing 

further direct interaction points for the anchorage of Aβ to lipid rafts. Using the fluorescent 

Aβ(1-42) peptide (Aβ(1-42)*555), we experimentally assessed by FRET imaging and using 

specific antibodies, that Aβ binding sites were within the FRET distance from the protein markers 

of lipid rafts: Cav1, HRas and PrPc in fixed and permeabilized CGN (Figure 5). Between all these 

three protein markers, the pair with higher increase in the RF/GF ratio was anti‐PrPc stained 

with the Alexa 488 fluorescent secondary antibody/Aβ*555, indicating a higher co-localization 

of PrPc and Aβ(1–42) within FRET distance, which is consistent with the formation of PrPc-Aβ 

complexes reported elsewhere (see above). These results were obtained with the addition of 

only 100 nM of Aβ(1-42)*555 to a Petri plate containing 2.5 x 106 cells in 1 mL PBS, in order to 

minimize the contribution of low affinity intracellular binding sites for Aβ. Moreover, using this 

experimental approach, the FRET distance limit is less than 60 nm, indicating that the Aβ binding 

sites are within the same lipid rafts or in close proximity to them. In addition, despite the 

extensive co-localization between Aβ(1-42)*555 and the neuronal lipid rafts protein markers 

Cav-1 and HRas demonstrated by FRET technique, there is no co-immunoprecipitation by the 

anti‐Aβ(1–42) antibody in the presence of 250 nM Aβ(1–42), pointing out that neither Cav1 nor 
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HRas provide direct anchoring points of Aβ(1–42) in neuronal lipid rafts (see Supplementary 

figure S.2). On the other hand, the results obtained with FRET imaging with anti-CaM*Alexa488 

antibody (as FRET donor) and anti‐HRas*Cy3 antibody (as FRET acceptor) pointed out that a 

significant fraction of CaM were separated by less than 80 nm (i.e., at a distance lower than the 

maximum 100 nm size reported for lipid rafts). This is in good agreement with the known 

association of several CaM‐binding proteins with lipid rafts in mature CGN, such as, nNOS, LTCCs, 

PMCA, and CaMKII27,36,40. 

It has been demonstrated that LTCCs associated with lipid rafts play a fundamental role 

in the control of resting cytosolic Ca2+ homeostasis in mature CGN in vitro, in partially 

depolarizing medium containing 25 mM KCl35,36. Also, LTCC activity is stimulated by 

phosphorylation mediated by CaMKII36,63,64, but CaM binding to the LTCC α1C subunit produces 

inactivation of these channel29,30.  In this work, we demonstrated that Aβ(1-42) internalizes 

inside mature CGN, yielding approximately 193 ± 21 nM of Aβ after 2 h of incubation (Figure 9). 

Moreover, the internalized Aβ(1-42) produced approximately 50 % inhibition of the activity of 

LTCCs, and that incubation up to 5h did not significantly increase this inhibition (Figure 8). Since, 

in this work, the predominantly aggregation state of the solutions of Aβ(1–42)  is as a dimer, this 

means that less than 100 nM Aβ(1–42) dimers inhibited by 50% the LTCC’s activity. Also, we did 

not observed a significant change in the resting cytosolic Ca2+ concentration of CGN measured 

once LTCCs were blocked with nifedipine after these treatments with Aβ(1–42). These results 

indicate that LTCC is the main Ca2+ transport system involved in the control of resting cytosolic 

Ca2+ in mature CGN, and is highly sensitive to Aβ(1–42) under our experimental conditions. 

Moreover, it is expected that the decrease in resting cytosolic Ca2+ elicited by Aβ(1–42) should 

attenuate CGN excitability because of the strong requirement of synaptic activity upon cytosolic 

Ca2+ concentration. 

Noteworthy, it is remarkable that upon blockade of LTCCs with nifedipine, the resting 

cytosolic Ca2+ of CGN was not significantly altered by Aβ(1–42), indicating that the formation of 

Ca2+ pores in plasma membrane by intracellular Aβ is very unlikely at the short time of exposure 

and in the nanomolar range of internalized Aβ attained in this work. This result also suggests 

that the activity of other Ca2+ transport systems in CGN are not significantly impaired by the 

treatment with Aβ(1–42) that is enough to elicit inhibition of LTCCs. PMCA is the main transport 

system responsible for the extrusion of Ca2+ in neurons32. It has been reported that Aβ(1–42) 

partially inhibit PMCA33,43, however it is to be noted that only a very slight inhibition of PMCA by 

2.5 µM Aβ(1–42) should be expected in a Ca2+ concentration range below 0.2 μM43, the resting 

cytosolic concentration range measured in mature CGN in this work and in previous works27,35,36. 
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 Besides, other works have shown that CaM and cholesterol antagonize the inhibition of 

PMCA caused by Aβ(1–42)43,72. Additionally, it is important to highlight that the sustained 

dropping of cytosolic Ca2+ in CGN is a cellular stress response observed at short times of 

incubation and with low nanomolar free intracellular concentrations of Aβ. In that sense, 

probably at higher concentrations of Aβ and/or at longer times of exposure to Aβ, this may 

trigger Ca2+ release from intracellular stores, mainly from endoplasmic reticulum (ER), as a 

compensatory or adaptive cellular response. In fact, it was reported enhanced Ca2+ release form 

ER in AD73,74.Furthermore, it has been shown that familial AD mutations of presenilins induce ER 

Ca2+ leak thus causing early‐onset inherited AD75,76. 

Despite the inhibition of LTCC activity by Aβ, then, we observed that LTCCs are not co‐

immunoprecipitated by anti‐Aβ(1–42) antibody (Supplementary figure S.2), which excludes the 

hypothesis of the blockade of these Ca2+ channels by direct binding of Aβ(1–42) to LTCCs. 

Noteworthy, fluorescence microscopy imaging showed efficient FRET between anti-LTCC*A488 

antibody and Aβ(1-42)*555 (Figure 10). Therefore, probably Aβ(1–42) is binding to a modulatory 

site in the CGN lipid rafts located very close to the LTCC structure (i.e., less than few nanometers 

distance from LTCC subunits since the overall size of the complex between the anti‐LTCC primary 

antibody and the Alexa 488 fluorescent secondary antibody is approximately 40 nm)27,55. Since 

most of the internalized Aβ(1–42) should be bound to CaM, we can rationalized that the 

inhibition of LTCC activity by Aβ(1–42) must be due the known inhibition of CaMKII by Aβ 

peptides41,42, and also in terms of potentiation by Aβ(1–42) of the inactivation of LTCC by direct 

interaction with CaM. The premise that CaM-Aβ(1–42) complexes modulate LTCC activity, was 

experimentally supported by a large reversion of the co‐localization between anti‐LTCC*A488 

and Aβ(1-42)*555, after addition of CaM to the extracellular medium of permeabilized CGN 

(Figure 11A). In addition, the nearly 80% quenching of Aβ(1-42)*555 fluorescence intensity 

caused by addition of 5 mM Co2+ (Figure 11B) suggests that the binding sites of Aβ(1-42)*555 in 

fixed and permeabilized CGN were separated by less than 2 nm from high affinity Ca2+ sites, as 

expected for Aβ(1-42)*555-CaM complexes22. It has been shown that Aβ prevents CaMKII 

activation in rat hippocampal slices41, and impairment of the phosphorylation of the β‐subunit 

of LTCC by CaMK inhibitors cause inhibition of LTCC in partial depolarizing MLocke’s K25 mM 

medium36. Moreover, it has been proposed that the dysregulation of CaMKII may be a modulator 

event of toxicity in AD42. Nevertheless, we cannot reject the hypothesis that the formation of 

Aβ(1–42)-CaM complexes may also potentiate the inactivation of LTCC activity by direct binding 

of CaM, a possibility which to the best of our knowledge has been overlooked until now. In that 

way, further extensive experimental studies are required for critical evaluation of this point. 
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In conclusion, we showed a large complexation between CaM and submicromolar 

concentrations of Aβ(1–42) dimers, and also an extensive co‐localization of CaM and Aβ(1–42) 

within the same lipid rafts in mature CGN with up to 100 nM Aβ(1-42)*555 monomers. 

Moreover, we showed that the extracellular addition of 2 µM Aβ(1-42) after 2 h incubation 

reduced to half the resting cytosolic Ca2+ concentration in mature CGN, in partially depolarizing 

25 mM potassium medium; conditions that produced an internalization of less than 100 nM of 

Aβ(1–42) dimers in neuronal somas. Finally, we identified that the primary cause of the decrease 

of resting cytosolic Ca2+ was the inhibition of LTCCs induced by Aβ(1–42) dimers. 

 

6. Supplementary Figures  
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Supplementary Figure S.1. Western blotting of CGN lysates with the primary antibodies used in 
fluorescence microscopy images. The reference number is included for each primary antibody, as well as 
the dilution used for the Western blotting and the percentage of acrylamide used to run SDS-PAGE in each 
case. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supplementary Figure S.2.  Western blotting of Cav1 (anti-Cav1, sc 894), HRas (anti-HRas, sc 32026) and 

LTCC (anti-LTCC β subunit, sc 25689) after co-immunoprecipitation assay with mouse anti-Aβ antibody as 

described in the Materials and Methods. The results show that there is not a significant co-

immunoprecipitation of these proteins by the anti-Aβ antibody. 
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1. Abstract 

 

During many years, AD was attributed to the abnormal accumulation of insoluble fibrils 

of Aβ peptides, but in the last years accumulative evidence have been show that the oligomeric 

form of Aβ is the main cytotoxic form of this peptide. It is widely accepted that Ca2+ dysregulation 

homeostasis plays a major role in AD neurodegeneration and several studies have supported 

the premise that Ca2+ unbalance may be the proximal origin of the AD pathology. However, the 

main cellular and molecular events that induce alterations in Ca2+ triggered by Aβ peptides in an 

early stage of AD remain to be fully elucidated. In this work we used the immortalized mouse 

hippocampal cell line HT-22 to measure the amount of internalized Aβ(1-42) after a short period 

of incubation (up to 5 h) with submicromolar concentration of Aβ oligomers added to the 

extracellular medium (2 µM Aβ(1-42)) and evaluated the alteration of resting cytosolic Ca2+ 

concentration. We showed that Aβ(1-42) internalize inside HT-22 in submicromolar 

concentration after only 2 h incubation and colocalize in the perinuclear region with ER and 

mitochondria up to 5 h , without significantly affecting the mitochondrial membrane potential. 

The modulation of ER induced by Aβ(1-42) after 2 h  incubation impaired the SOCE mechanism 

through the modulation of STIM1 and the ER ligand-gated Ca2+-channels: RyR and IP3R, without 

a significant alteration in the cytosolic Ca2+ concentration up to 5 h  incubation. Moreover 

internalized Aβ(1-42) induced the decrease of Ca2+ influx from the extracellular medium through 

P2R after 2 h  incubation. These results suggest that ER proteins which modulate SOCE (STIM1, 

RyR and IP3R) and P2R are good candidates to become primary targets for therapeutic 

interventions in an early stage of the progression of AD.  

 

2. Introduction  

 

Structurally Aβ displays a large molecular polymorphism from monomers that assemble 

to form a variety of oligomeric species, and aggregate to form short, flexible, irregular 

protofibrils and then finally mature to form insoluble fibrils1,2. The relative neurotoxicity of 

fibrillar versus oligomeric Aβ has been an area of debate. During many years, the 

neurodegeneration of AD was attributed to the abnormal accumulation of insoluble fibrils 

(amyloid cascade hypothesis of AD) due to the observation of Aβ plaques in various regions of 

the brain3. However, accumulative studies in cell models4,5, mouse AD models6,7 and in AD brain 

tissues8,9, have proposed that the small and soluble oligomeric form of Aβ (e.g., dimers, trimers, 

tetramers, dodecamers, higher oligomers) is the main cytotoxic form of AD, and Aβ plaques 

could serve as reservoirs for the assembly of the neurotoxic Aβ oligomers10. As an example, it 
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has been demonstrated in a study performed in rat brains in vivo that the rats infused with 

soluble Aβ(1-42) oligomers exhibited more neurodegeneration, a greater inflammatory 

response and a much greater decline in spatial learning and memory, than the rats that received 

insoluble Aβ(1-42) fibrils11. In another study, it has been demonstrated that Aβ oligomers 

injected in the lateral ventricle of rats and macaques diffused into the brain and accumulated in 

several regions associated with memory and cognitive functions, with consequent induction of 

tau phosphorylation, microglial activation, and synaptic loss in macaques where Aβ oligomers 

accumulated and without detection of fibrillar Aβ aggregates12. The conclusions of this work 

revealed to be of extreme importance to understand the main mechanism implicated in AD 

pathogenesis, since  humans and macaques brains share significant similarities12. 

It has been reported that Aβ oligomers also triggers other neurodegenerative 

mechanism such as Ca2+ dysregulation, ER stress, mitochondrial dysfunction and the activation 

of pro-apoptotic pathways leading to cell death13,14. There is a growing body of evidence 

demonstrating that dysregulation in signaling pathways that handle Ca2+ play a major role in the 

initiation of AD pathogenesis. Ca2+ is a second messenger and has a key role as regulator of 

neuronal synaptic plasticity, growth and differentiation, action potential properties and learning 

and memory15. Accordingly with the “calcium hypothesis of brain aging and AD”, proposed first 

by Khachaturian16, sustained changes in Ca2+ homeostasis could be a common pathway for aging 

and the neuropathological changes associated with AD. In the last decades several studies have 

confirmed that Ca2+ signaling is upregulated in AD17. For example, Kuchibhotla and colleagues 

reported higher basal Ca2+ concentrations in neurons close to Aβ in APP mice, comparing with 

the wild-type mice18. Likewise, the resting levels of Ca2+ in cortical neurons of 3xTg-AD animals 

was twice that found in non-Tg animals19. In addition, presenilin (PS1 and PS2) mutations, which 

contributes to 90% of early-onset familial AD (fAD, counting for less 5% all cases) have been 

shown to be related with the dysregulation of cytoplasmic Ca2+ homeostasis in AD neurons15. 

Accumulative evidence has shown that Ca2+ imbalance due to PS mutations takes place before 

the formation of Aβ plaques or NFT in AD, suggesting once more that dysregulation of Ca2+ may 

be the proximal origin of the pathology15.  

Immortalized cell lines have been extensively used as valuable and reliable tools to 

understand the molecular mechanism associated with diseases. HT-22 is an immortalized mouse 

hippocampal sub-line derived from parent HT4 cells that were originally immortalized from 

primary mouse hippocampal neuronal culture20–22. HT-22 culture is extensively used to study the 

non-receptor mediated oxidative glutamate toxicity because HT-22 cells lack ionotropic 

glutamate receptors (iGluRs) like NMDAR and AMPAR (α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor) but are still sensitive to high concentrations of extracellular 
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glutamate23.  Besides glutamate excitotoxicity, HT-22 has also been used a reliable model to 

study different neurophysiologic and neurodegenerative processes associated with the 

disruption of molecular mechanisms24,25, mitochondrial impaiment26, ER stress and alteration in 

SOCE mechanism27,28 and changes in redox homeostasis29,30 among others. Also, HT-22 cells have 

been used in the study of cell death induced by stressors compounds like H2O2
31,32  and Aβ26, and 

to assess the protective effect of natural compounds33,34 in cell dysfunction and neuronal death.  

There is no consensus regarding the expression of AChR in HT-22 cells. It has been 

reported by Liu and colleagues that HT-22 cells differentiated in Neurobasal medium display 

expression of cholinergic markers, compared with HT-22 cultured in Dulbecco’s modified Eagle’s 

medium (DMEM) (undifferentiated cells), but with low levels of AChR markers, although both 

undifferentiated and differentiated HT-22 possessed weak cholinergic activity35. However, a 

more recent study demonstrated the lack of acetylcholinesterase activity in the HT-22 cell line 

36. The lack of more scientific publications and the discrepancy of results regarding the activity 

of AChR in the HT-22 culture could possibly indicate that AChR are expressed in low levels and/or 

possess low activity or/and are inactive in normal conditions of culture, suggesting that AChR 

are not the main plasma membrane system responsible for the influx and modulation of 

cytosolic Ca2+ in HT-22 culture. 

Despite the absence of ionotropic glutamate receptors in HT-22 and the apparently poor 

activity of AChR, there are not scientific publications regarding the main plasma membrane 

transport system that can allow for the influx of Ca2+ from the extracellular medium in HT-22 

cells. It is already reported that in excitable cells, Ca2+ influx could also be mediated by type 2 

P2R or through LTCC37. P2R are activated by ATP, and have drawn a lot of attention due to their 

wide expression in almost every cell types, including stem cells38. P2R play a major role in 

controlling metabolic activities and many physiological functions including signal transmission, 

proliferation and differentiation in neurons38. LTCC are high-voltage–activated channels that 

present slow activation kinetics and play major roles in regulating gene expression, cell survival, 

and synaptic plasticity39. Due to the relevance of P2R and LTCC in Ca2+ modulation in neurons 

their activity in HT-22 cells deserves to be studied.  

Besides the Ca2+ influx mediated through voltage operated channels (VOC) or receptor-

operated channels (ROC) in the plasma membrane, the elevation of cytosolic Ca2+ concentration 

in neurons can also derive from the release of Ca2+ from the intracellular stores, such as the ER, 

which is mediated by SOCE mechanism. The principal function of SOCE is to refill the intracellular 

Ca2+-stores to preserve the primary source of intracellular Ca2+ and therefore to maintain a 

favorable environment for protein folding in the ER lumen 40. The basic components of SOCE 

include a mechanism for Ca2+ stores depletion through ligand-gated Ca2+ channels RyR and the 
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IP3R; a sensor in the ER that also serves as an activator of the plasma membrane channel named 

STIM1 and STIM2, and the store-operated channel (Orai1, 2 or 3)41. Many studies have 

concluded that SOCE modulation via STIM1 or/and Orai1 may serve as a key target for 

neurological disorders in which oxidative stress play a key role, either in the etiology or in the 

progression of the disease.  In HT-22 cells, SOCE function has been evaluated after glutamate-

induced oxidative injury27,28 or hydrogen peroxide-induced apoptosis32. In addition, it was 

demonstrated that HT-22 express all three IP3R subtypes 42 and the RyR subtype 243 and subtype 

344. 

The main goal of this work was to study the alteration of resting cytosolic Ca2+ 

concentration and of cytosolic Ca2+ dynamics induced by extracellular addition of 2 µM Aβ(1-42) 

after a short time incubation (up to 5 h) in HT-22 culture. Using fluorescence microscopy 

imaging, we calculated the concentration and the subcellular distribution of internalized Aβ(1-

42) in HT-22 cells incubated up to 5 h with 2 µM Aβ(1-42) added to the extracellular medium. 

We evaluated the changes induced by this exposure to extracellular Aβ(1-42) in the cytoplasmic 

Ca2+ concentration and dynamics in Fluo3-loaded HT-22 cells.  The main results obtained in this 

work indicated that Aβ(1-42) internalize inside HT-22 cells in submicromolar concentration after 

only 2 h  of incubation and colocalize mainly in the perinuclear region after 5 h  incubation. Also, 

internalized Aβ(1-42) showed moderate colocalization with mitochondria without affecting 

significantly the mitochondrial membrane potential and showed colocalization with ER.  After 2 

h  incubation, internalized Aβ(1-42) caused a decrease in SOCE mechanism function through the 

modulation of STIM1, and by stimulation of the activity of both ligand-gated calcium channels: 

RyR and IP3R.  However, there is not a significative alteration in the steady-state cytosolic Ca2+ 

concentration up to 5 h incubation with 2 µM Aβ(1-42) added to the extracellular medium. In 

addition internalized Aβ(1-42) induced the decrease of Ca2+ influx from the extracellular medium 

through P2R after 2 h incubation. Furthermore, Aβ(1-42) incubated for 2 h and 5 h in HT-22 cells 

only induced a small increase in oxidative stress monitored with dihydrodichlorofluorescein. 

These results indicate that P2R and the molecular components of SOCE STIM1, IP3R and RyR are 

main targets for internalized Aβ(1-42) after a short time incubation with 2 µM Aβ(1-42) added 

to the extracellular medium, suggesting that these systems could be considered as candidates 

for therapeutic intervention in early stages of AD.  
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3. Materials and Methods  

 

3.1 Chemicals 

 

Human Aβ(1–42)‐HiLyte™‐Fluor555 was obtained from AnaSpec (Freemont, CA, USA). 

Unlabeled Aβ(1–42) and scrambled Aβ(1–42) were synthesized and supplied by StabVida 

(Caparica, Portugal). Fura-2 acetoxymethyl ester (Fura2 AM), Fluo-3-pentaacetoxymethyl ester 

(Fluo3 AM), 4-Bromo-A23187 and Pluronic®F-127 were obtained from Biotium (Hayward, CA, 

USA). Thapsigargin (Tg), A804598 and Calcein-AM were obtained from Sigma-Aldrich (Madrid, 

Spain) and BTP2 was from Merck Roche–Merck (Darmstadt, Germany). Ryanodine, LTCC and (-

)-BAY-K-8644 were purchased from Tocris (Bristol, UK). MitoTracker™ Green FM (M7514), ER 

dye ER-Tracker™ Green FM (glibenclamide BODIPY® FL), tetramethylrhodamine ethyl ester 

(TMRE), C11-BODIPY(581/591 and of 2',7' dichlorodihydrofluorescein diacetate (H2DCFDA) were 

supplied by Invitrogen (Molecular Probes, Eugene, Oregon, USA). Monochlorobimane (MCB) 

was purchased from Calbiochem (San Diego, CA, USA). Xestospongin C (XeC) and Protein A/G 

PLUS‐Agarose sc‐2003 were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA, 

USA). 

Primary antibodies: anti‐LTCC subunit α1C (sc‐25686), anti synapsin-1 (sc‐8295), anti‐

NMDAƐ1 subunit α1C (sc‐1468) or goat anti-protein disulfide isomerase (PDI) (sc17222) 

antibodies were supplied by Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit anti‐

calmodulin (CaM) (Epitomics 1716‐1) antibody was supplied by Abcam (Cambridge, UK). Anti-

STIM1 ps621 was kindly supplied by Dr. Francisco Javier Martin-Romero. Monoclonal mouse 

anti‐Aβ antibody (A8354) was purchased from Sigma‐ Aldrich (Madrid, Spain). Fluorescent‐

labeled secondary antibodies used to label the primary antibodies listed above were: anti‐rabbit 

IgG‐Alexa488 (A11008) and anti‐goat IgG‐Alexa488 (A11055) from Invitrogen (Molecular Probes, 

Eugene, OR, USA). Anti‐goat IgG‐horseradish peroxidase was supplied by Sigma‐Aldrich. Bio‐Rad 

Clarity Western ECL substrate was purchased from Bio‐Rad (Alcobendas, Madrid, Spain). 

All other reagents and chemicals were of analytical grade from Sigma‐Aldrich (Madrid, 

Spain) or Roche–Merck (Darmstadt, Germany). 

 

3.2 Aβ(1–42) solutions and aggregation State 

 

A 4 mg/mL Aβ(1–42) stock solution was prepared by solubilization of the peptide in 1% 

NH4OH and further dilution with 100 mM HEPES/KOH (pH 7.4), as previously described45. The 

aggregation state of Aβ(1–42) stock solutions used in this work was evaluated using the rapid 

https://www.medchemexpress.com/search.html?q=%20%202%27,7%27-Dichlorodihydrofluorescein%20diacetate&ft=&fa=&fp=
https://www.thermofisher.com/order/catalog/product/D399
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photoinduced cross‐linking of unmodified proteins approach described in chapter 2 of this 

work46.  

 

3.3 HT-22 cell culture  

 

The immortalized mouse hippocampal neuronal HT-22 cells were cultured in Dulbecco’s 

modified Eagle’s medium (DMEM)-high glucose, supplemented with 10% inactivated fetal 

bovine serum (FBS), 4 mM glutamine, 1 mM pyruvic acid, 100 U/mL penicillin and 100 µg/mL 

streptomycin, and kept at 37 °C in a humidified atmosphere of 95% air/5% CO2 until reaching 

70-80% confluency in the T-flask. For all experiments, HT-22 cells were seeded in 35 mm dishes 

at a density of 8x103 cells/cm2 in the culture media described above and allowed to grow for 48h 

at 37°C and 5% CO2 before performing each experiment.  

 

3.4 HT-22 cell differentiation 

 

 HT-22 cell differentiation was performed as previously described in other studies34,47–49. 

Briefly, HT-22 cells were seeded in 35 mm dishes at a density of 4x103 cells/cm2 in the culture 

media described above for 24h at 37 ºC and 5% CO2. After 24h incubation the culture media was 

replaced for the differentiation culture media: DMEM-high glucose medium supplemented with 

1x N2 supplement, 50 ng/ml nerve growth factor-β, 100 µM phorbol 12,13-dibutyrate and 100 

µM dibutyryl cAMP, for 48h. 

HT-22 cells cultured in differentiation medium were used is this work only to evaluate 

the activity of LTCC and NMDAR, through intracellular Ca2+ measurements with Fluo3 AM assay 

and for HT-22 cell staining with LTCC, NMDAR and Sypnasin-1 antibodies.  

 

3.5 Intracellular cytosolic Ca2+ measurements  

 

Cytosolic Ca2+ imaging was assessed in the HT-22 cell culture with the fluorescent probes 

Fluo3 AM and Fura2 AM. Briefly, after cell seeding in 35 mm dishes, HT-22 cells were incubated 

with 2μM Aβ(1–42) for 2 h  and 5 h  in culture medium at 37 ºC and 5% CO2 with continuous and 

gentle mixing. Untread cells were regarded as controls. One hour before the end of the 

incubation with Aβ(1–42), HT-22 cells were loaded with 5µM of Fura2 AM or Fluo3 AM plus 

0.025% Pluronic® F-127 with continuous and gentle mixing. Then, cells were washed once with 

1 mL of MLocke’s K5 buffer and the 35 mm culture dishes were placed in the thermostatic plate 

at 37 ºC (Warner Instrument Co., Hamden, CT, USA) of the Nikon Diaphot 300 inverted 
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epifluorescence microscope (Tokyo, Japan) with a NCF Plan ELWD 40× objective (pixel size of the 

images shown in this work 0.2 μm). Images of Fluo3-loaded cells were acquired with the 

Hamamatsu Orca-R2 CCD camera (binning mode 2 x 2) with an excitation filter of 470 nm and a 

dichroic mirror of 510 nm with an emission filter of 520 nm, and 0.3 s exposure time. Images of 

Fura2-loaded cells have been acquired as described in chapter 2 and in previous publications of 

this laboratory46,50,51. 

For the determination of Ca2+ cytosolic concentration using the Fluo3 probe52, 5mM 

MnCl2 (Ca2+ quencher) and 5 µg/mL of the nonfluorescent Ca2+ ionophore 4-Bromo-A23187 were 

added to HT-22 cells and the fluorescence microscopy images were recorded in the kinetic mode 

to obtain the fluorescence intensity of Fluo3 saturated with Mn2+ [F(Mn-Fluo3)], which has been 

reported to be 20% of the value of fluorescence intensity at saturating Ca2+ (Fmax)53. The 

fluorescence value of free Fluo3 (not bound to Ca2+), Fmin, is about 0.01·Fmax
53. Intracellular Ca2+ 

concentration ([Ca2+]i) was measured using the formula: [Ca2+]i = kD [(F - Fmin)/(Fmax - F), where F 

is the fluorescence intensity obtained with an excitation filter of 470 nm, and 510 nm dichroic 

mirror/520 nm emission filter with 0.1 s exposure time. The dissociation constant (kD) for 

Fluo3/Ca2+ complex used to obtain the [Ca2+]i was 390nM54.  

The activation of LTCCs in HT-22 cells loaded with Fluo3 were assessed by addition of 

different concentrations of potassium chloride (KCl, 5-200 mM) to the medium assay or by 

addition of 50 µM of the LTCC agonist (-)-BAY-K-8644. The activity of NMDAR was evaluated 

after addition of 10 µM glycine plus 100 µM glutamate to the extracellular medium or by 

addition of the antagonist MK801 (10 µM). These experiments were performed in HT-22 cells 

cultured in DMEM (designated as undifferentiated) and in HT-22 cells cultured in differentiated 

medium (designated as differentiated), as described above.  

The response of P2R was performed in loaded-Fluo3 HT-22 cultured in DMEM medium, 

in the absence (control) or presence of 2 µM Aβ(1-42) incubated for 0.5 h  or 2 h  at 37 ºC and 

5% CO2 and gentle mixing.  The activation of P2R was evaluated after addition of the agonist ATP 

(100 µM) to the extracellular medium assay of HT-22 cells. The inhibition of P2X7R (a subtype of 

the P2R family) was evaluated with two different antagonists: i) 5µM Brillant Blue G (BBG) 

preincubated in MLocke`s K5 buffer for 5 minutes before the addition of ATP, or ii) 200 nM of 

A804598 preincubated for 0.5 h in HT-22 culture media, followed by a cell wash with MLocke`s 

5 buffer and addition of ATP. 

 The response of SOCE was performed in loaded-Fluo3 HT-22 cultured in DMEM 

medium, in the absence (control) or presence of 2 µM Aβ(1-42), incubated for 2 h  at 37 ºC and 

5% CO2 and gentle mixing-. The depletion of Ca2+ stores was triggered by adding the SERCA pump 

blocker thapsigargin (Tg, 2 µM) plus EGTA (1 mM), in Ca2+- free MLockeK`5 buffer. Then, SOCE 
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was measured after the addition of 3 mM CaCl2 to the Tg-containing medium. As a positive 

control of this experiment, we measured SOCE in the presence of the selective inhibitor BTP2 (3 

µM) preincubated for 15 min in HT-22 culture media. Activities of the ligand-gated Ca2+ channels 

RyR and the IP3R from ER were evaluated by incubation with 100 µM of the RyR antagonist 

ryanodine for 1h in HT-22 culture media or by incubation of 3 µM XeC for 15 min in Ca2+-free 

MLocke`s K5 buffer. In all experiments with antagonists, we performed the respective DMSO 

vehicle controls. Also, the response of P2R and SOCE was evaluated in the presence of 2 µM 

scrambled Aβ(1-42) incubated for 2 h at 37 ºC and 5% CO2. 

Data acquisition and analysis were done with HCImage software after the selection of 

the cells using the ROI (region of interest) tool of this software. The average intensity of 

fluorescence per pixel within HT-22 cells were performed at least in 8-10 petri plates in 4 or 5 

independent assays, n> 60-80 cells in each case. 

 

3.6 HT-22 cell staining with LTCC, NMDAR and Sypnasin-1 antibodies 

 

 Undifferentiated and differentiated HT-22 cells were cultured in 35 mm dishes as 

described above and washed with MLocke’s K5 buffer to remove the phenol red remaining in 

the plates. Afterwards, cells were fixed with 2.5% para‐formaldehyde, 3 mM MgCl2, 2 mM EGTA 

and 0.32 M sucrose in PBS (5 mM sodium phosphate, 137 mM NaCl, and 27 mM KCl, pH 7). Fixed 

and permeabilized cells were blocked with 1% bovine serum albumin (BSA) in PBS supplemented 

with 0.2% Triton X‐100 (PBST) for 1 h at 37 °C and washed three times with PBS (washing step). 

Then, cells were incubated during 1 h at 37 °C with the respective target primary antibody in 

PBST:  anti‐LTCC subunit α1C, anti synapsin-1 or anti‐NMDAƐ1 subunit α1C. Thereafter, HT-22 

cells were washed and incubated for 1 h with the appropriate Alexa488‐labeled secondary 

antibody in PBST (1:200) and washed again. Images of undifferentiated and differentiated HT-

22 cells were acquired with an excitation filter of 470 nm, and 510 nm dichroic mirror/520 nm 

emission filter (GF) using the exposure times indicated for each case in the legends of the figures. 

Quantitative analysis of the average fluorescence intensity per pixel of selected neuronal soma 

was done with the HCImage software using the ROI tool, as in previous works. 

 

3.7 Cell viability using the MTT assay 

 

HT-22 cells were incubated with 2 µM Aβ(1–42) for 5 h  at 37 °C and 5% CO2 and gentle 

mixing. Then, cells were washed with 1 mL MLocke’s K5 buffer and cell viability was 

experimentally assessed measuring the amount of colored formazan by the reduction of 3‐(4,5‐
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dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium bromide (MTT) as in previous works46,50,55,56. 

Untreated cells were regarded as controls (100% cell survival) and the cell survival ratio was 

expressed as the percentage of the control. 

 

3.8 Measurement of internalized Aβ(1–42)‐HiLyteTM‐Fluor555 and evaluation of 

subcellular colocalization with mitochondria and endoplasmic reticulum 

 

The internalization of Aβ(1–42)‐HiLyteTM‐Fluor555 (referred as Aβ(1-42)*555) in the HT-

22 cell culture was measured using a similar experimental approach described earlier with some 

modifications46. The amount of Aβ(1–42) internalized was estimated from the increase in RF in 

HT-22 cells at different times of incubation (2 h  and 5 h) at 37 ºC and 5%CO2 with a total 

concentration of 2 μM of Aβ(1–42) (1.6 μM of Aβ(1–42) + 0.4 μM of Aβ(1–42)*555) added to 

the culture medium. Then, cells were washed once with 1mL of MLocke`s K5 and the 35mm 

dishes were placed in the holder of the microscope at 37 ºC for RF imaging.  Fluorescence 

microscopy images of HT-22 were acquired with a Hamamatsu Orca‐R2 CCD camera (binning 

mode 2 × 2) camera (Hamamatsu, Hamamatsu‐city, Japan) attached to a Nikon Diaphot 300 

epifluorescence microscope (Tokyo, Japan) with a NCF Plan ELWD 40× objective, using an 

excitation filter of 556 nm and a dichroic mirror of 580 nm with an emission filter of 590 nm, and 

0.06 s exposure time. The ROI tool of the HCImage software was used for the quantitative 

analysis. The average fluorescence intensity readings per pixel in HT-22 cells were taken from 

several fields for a total number of 80 cells, and after subtraction of autofluorescence. In a 

parallel experiment, the average intensities per pixel obtained with increasing concentrations of 

Aβ(1–42)*555 in fixed HT-22 cells were recorded for calibration of the Aβ(1–42)*555 

fluorescence under the same experimental conditions.  

After cell incubation with Aβ(1–42)*555 for 5 h  and RF imaging , HT-22 were incubated 

with 20 nM of the mitochondria fluorescent dye MitoTracker™ Green FM or with 100 nM of the 

ER dye ER-Tracker™ Green FM for 5 min at 37 ºC and 5% CO2 and gentle mixing. Then, cells were 

washed with MLocke`s K5 buffer and placed again in the holder of the microscope at 37 ºC. GF 

imaging was acquired with an excitation filter of 470 nm, and 510 nm dichroic mirror/520 nm 

emission filter with an exposure time between 0.4 - 0.6 s and RF imaging was acquired with 

direct excitation filter (556nm) with a dichroic mirror of 580 nm/590 nm emission filter, with an 

exposure time of 0.06 s respectively. The software ImageJ was used for color processing and to 

merge the pseudocolor green images (MitoTracker™ Green FM or ER-Tracker™ Green FM) and 

red images (Aβ(1–42)*555). 
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3.9 Mitochondrial membrane potential (ΔΨm) 

 

Mitochondrial depolarization was monitored with the fluorescent dye 

tetramethylrhodamine ethyl ester (TMRE) as previously described with some modfications56,57. 

Briefly, HT-22 cells were incubated with 2 µM of Aβ(1-42) for 2 h  or 5 h  at 37 ºC and 5% CO2. 

Next, untreated cells (control) and cells treated with Aβ(1-42) were washed once with MLock`s 

K5 buffer and loaded with 100 nM of TMRE for 10 min at 37 ºC and 5% CO2 and with continuous 

and gentle mixing, as previously described. Then, HT-22 culture dishes were placed in the 

thermostatic plate at 37 ºC of the inverted epifluorescence microscope and the fluorescence 

kinetic was recorded at 556 nm excitation filter and a dichroic mirror of 580 nm with an emission 

filter of 590 nm and a time of exposure 0.01 s. To assess the level of the mitochondrial 

membrane depolarization, it was added 5 µM of a potent mitochondrial oxidative 

phosphorylation uncoupler -FCCP - (Trifluoromethoxy carbonylcyanide phenylhydrazone) to the 

medium. The ROI tool of the HCImage software was used for the quantitative analysis. The 

average fluorescence intensity readings per pixel in HT-22 cells were taken from several fields 

for a total number of 80 cells. 

 

3.10 FRET imaging 

 

FRET imaging was performed as described in the previous chapter of this thesis and in 

previous works of the laboratory 46,50,58. First, HT-22 cells were stained with different 

concentrations of Aβ(1–42)*555 (25-100nM) in order to perform the measurements with the 

lowest Aβ(1–42)*555 concentrations to highlight only the subcellular location of the high affinity 

binding sites for  Aβ(1–42). Fixed and permeabilized HT-22 cells were blocked with 1% BSA in 

PBST for 1 h at room temperature (RT) and washed three times with PBS (washing step). Then, 

cells were incubated only with PBST for 2 h at 37 °C (to simulate the incubation with primary 

and secondary antibodies) and after the washing step, 25 nM of Aβ(1–42)*555 was added to the 

plate and incubated for 15 at RT and gentle mixing. HT-22 cells were placed at the inverted 

epifluorescence microscope and imaging acquisition was performed using an excitation filter of 

556 nm and 470 nm and a dichroic mirror of 580 nm with an emission filter of 590 nm (RF), and 

0.03 s exposure time. Afterwards, the same procedure was repeated for 50, 75 and 100 nM 

Aβ(1–42)*555.  

The following selected protein targets for FRET imaging were used: protein disulfide 

isomerase (goat anti-PDI, 1:50) and calmodulin (rabbit anti‐CaM, 1:200). After blocking with 1% 

BSA in PBST for 1 h, HT-22 cells were incubated for 1h with the respective primary antibodies 
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(anti-PDI or anti-CaM) diluted in PBST. Next, HT-22 were incubated for 1 h with the appropriate 

Alexa488‐labeled secondary antibody in PBST (1:200) and washed again before acquisition of 

fluorescence microscopy images stained only with the donor dye. Image acquisition was 

performed with an excitation filter of 470 nm, and 510 nm dichroic mirror/520 nm emission 

filter (GF), using the exposure times indicated for each case in the legends of the figures. After 

finishing the acquisition of FRET donor images, HT-22 cells were incubated for 15 min at RT with 

25, 50 or 100 nM Aβ(1–42)*555 in PBS with continuous and gentle mixing. GF and RF imaging 

acquisitions were performed as early described. Contribution of HT-22 autofluorescence and 

secondary Alexa488‐antibody in the absence of the primary antibody were assessed before 

running FRET experiments and were found to be lower than 5% of the average fluorescence 

intensity per pixel obtained with specific primary antibodies. This background signal was 

subtracted for calculations of the RF/GF ratio obtained with HT-22 plates 

 

3.11 Co‐immunoprecipitation 

 

The formation of STIM1:Aβ(1-42) complexes was evaluated using the co-

immunoprecipitation protocol described previously, with some modifications46. HT-22 cells 

were lysed in buffer: 25 mM Tris–HCl, pH 7.4, 150 mM NaCl, 5 mM EDTA, 50 mM NaF, 5 mM 

NaVO3, 0.25% 4‐(1,1,3,3‐tetramethyl butyl) phenyl‐polyethylene glycol (Triton X‐100), 5 mM of 

methyl‐β‐cyclodextrin, supplemented with 1x SIGMAFASTTM protease inhibitor cocktail. After 

cell centrifugation at 2000 g for 2 min at 4ºC, the supernatant was collected and supplemented 

with 50% glycerol. The Bradford’s method was used to measure the protein concentration in 

HT22 lysates using bovine serum albumin as the standard. Co‐immunoprecipitation was carried 

out using the protein A/G PLUS‐Agarose, following the instructions described in the technical 

data sheet. Briefly, in an eppendorf tube, 500 μg of HT-22 lysate was incubated for 1h with 10 

μg mouse anti‐β‐amyloid antibody at 4 °C with continuous shaking. Afterwards, 50 μL protein 

A/G PLUS‐Agarose was added and incubated overnight at 4 °C with continuous shaking. The next 

day, the PBS control sample or 0.25 μM Aβ(1–42) in PBS (treated sample) was added and 

incubated for 1 h at 4 °C with continuous shaking. The matrix was precipitated by centrifugation 

at 2500 g during 5 min at 4 °C in a refrigerated Eppendorf microcentrifuge. Then, the precipitated 

matrix was subjected to three washes with 50 μL PBS (control sample) or 50 μL PBS plus 0.25 

μM Aβ(1–42) (treated sample). A centrifugation step (2500 g, 5 min at 4 °C) was performed in a 

refrigerated Eppendorf in each washing step. The supernatant was carefully removed, and the 

matrix precipitate was resuspended in 25 μL of electrophoresis sample buffer, boiled during 4 

min, and stored at −20 °C until running on an SDS‐PAGE gel for western blotting analysis. 
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3.12 Fluorescence measurements and calculation of the FRET parameters J and R0 

 

Fluorescence measurements were performed using a Fluoromax+ fluorescence 

Spectrophotometer (Jovin Yvon technologies) at RT (24-25ºC), in quartz cells of 1 cm light-

pathlength, with excitation and emission slits set to 2 nm. The FRET parameters J and R0 for the 

donor/acceptor pair GFP-STIM1/Aβ(1-42)*555 have been measured and calculated as in 

previous works of our laboratory59,60. A value of 0.6 has been used for the quantum yield of 

GFP61, and we have calculated a value of R0 = 6.3 nm. 

 

3.13 Western blotting 

 

SDS‐PAGE was run at a concentration of 7.5% acrylamide, using 20 µL co‐

immunoprecipitated sample per lane, as described in chapter 2 with some modifications46. Gels 

were transferred to polyvinylidene difluoride (PVDF) membranes of 0.2 μm pore size and 

blocked with 3% BSA in Tris‐buffered saline (TBS) supplemented with 0.05% polyoxyethylene 

sorbitan monolaurate (Tween 20) (TBST) for 1 h at RT. Membranes were washed three times 

with TBST (washing step) and incubated with the primary antibody anti-STIM1 ps621 (1µg/mL) 

diluted in TBST for 1h at RT. After the washing step, membranes were incubated with the 

secondary IgG antibody conjugated with horseradish peroxidase (anti-Goat HRP) at a dilution of 

1:2000 in TBST for 1h at RT.  Then, membranes were washed three times with TBST followed by 

incubation for 3 min with the Bio‐Rad Clarity Western ECL substrate. Western blots were 

revealed with Bio-Rad ChemiDocTM XRS+ (Bio‐Rad, Hercules, CA, USA) and data analyzed with 

Image Lab 6.0.1 software. 

 

3.14 PDI-dependent disulfide reduction assay 

 

PDI reduction activity was measured as previously described with some modifications62.  

Briefly, 34 µg of protein of HT-22 lysate was incubated with 150mM of the pseudo subtract of 

PDI, dieosin glutathione disulfide (Di-E-GSSG) in PDI buffer assay (100 mM phosphate plus 2 mM 

EDTA, pH 7.0) in the absence (control) or presence of 200 nM Aβ(1-42). Fluorescence intensity 

was measured at room temperature (24 ± 1 ºC), with excitation and emission wavelengths of 

522 and 550 nm, respectively.  
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3.15 Generation of ROS  

 

For the detection of intracellular ROS levels it was measured the oxidation of H2DCFDA 

to the fluorescent compound dichlorofluorescein (DCF) as previously described55 with minor 

modifications. Briefly, untreated HT-22 (control) and treated cells incubated with 2 µM of Aβ(1-

42) for 2 h or 5 h at 37 ºC and 5% CO2 were washed once with MLocke`s K5 buffer and placed in 

the thermostatic controlled plate at 37 ºC of the Nikon Diaphot 300 inverted epifluorescence 

microscope. Then, 10 µM of H2DCFDA was added to the medium and the fluorescence intensity 

was recorded each 15 s for 10 min with an excitation filter of 470 nm, and 510 nm dichroic mirror/520 

nm emission filter (GF), using an exposure time of 0.2 s.  

 

3.16 Measurement of glutathione levels 

 

Glutathione (GSH) levels were determined using MCB as previously described, with 

minor modifications63. Briefly, untreated HT-22 cells (control) and cells treated with 2 µM Aβ(1-

42) for 2 h  and 5 h  at 37º C and 5% CO2 were washed once with MLocke`s K5 buffer and placed 

in the thermostatic controlled plate at 37 ºC of the epifluorescence microscope. Afterwards, 10 

μM MCB was added to the extracellular medium and the fluorescence intensity was recorded 

every 10 s for 5 min with an excitation filter of 380 nm and a dichroic mirror DM510 plus an 

emission filter of 510 nm, using an exposure time of 0.7 s. 

 

3.17 Measurement of lipid peroxidation  

 

Lipid peroxidation was measured as previously described64. HT-22 cells were incubated 

with 1 µM of the fluorescent ratio probe C11-BODIPY(581/591)  for 30 min in untreated cells 

(control) and for 2 h  and 5 h  at 37 ºC and 5 % CO2 in cells treated with 2 µM Aβ(1-42) Afterwards, 

cells were washed with MLocke`s K5 buffer and placed at the holder of the microscope (37 ºC). 

Cell imaging was acquired with an excitation filter of 470 nm and a dichroic mirror of 580 

nm/emission filter of 590 nm (RF, reduced form C11-BODIPY(581/591)) with an exposure time of 

0.2 s and with a 510 nm dichroic mirror/520 nm emission filter (GF, oxidized form of C11-

BODIPY(581/591)) with an exposure time of 1 s. 

 

 

 

 

https://www.thermofisher.com/order/catalog/product/D399
https://www.thermofisher.com/order/catalog/product/D399
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3.18 Iron influx assay using Calcein-AM 

 

Ferrous iron influx into HT-22 cells was measured by the quenching of Calcein 

fluorescence as previously described, with minor modifications65. Briefly, untreated (control) 

and HT-22 cells treated with 2 µM Aβ(1-42) for 2 h , were loaded with 0.1 µM Calcein-AM plus 

0.025% Pluronic® F 127 for 30 min. Afterwards, cells were washed once with Ca2+ and EGTA free- 

MLocke`s K5 buffer (medium assay) and placed at the holder of the fluorescence microscope (37 

ºC) for imaging acquisition with an excitation filter of 470 nm, and 510 nm dichroic mirror/520 nm 

emission filter. Fluorescence intensity was measured every 30 s during 20 min with an exposure time of 

0.2 s, before and after the addition of 200 µM FeCl3 plus 400 µM L-ascorbate. 

 

3.19 Images of HT-22 cells plus cholera toxin B-Alexa*555 

 

HT-22 cells seeding in 35 mm dishes were incubated with 1 μg/mL of cholera toxin B-

Alexa*555 (CTB*555) for 30 min at 37 ºC and 5% CO2. Next, HT-22 plates were placed at the 

holder of the microscope and imaging acquisition was performed at 556 nm and a dichroic 

mirror of 580 nm with an emission filter of 590 nm with an exposure time up to 1 s. 

 

3.20 Statistical Analysis 

 

Statistical analysis was carried out by the Student’s t‐test and results were expressed as 

the mean standard deviation (s.d.). A significant difference was accepted at the p < 0.05 level. 

All results were done at least in 8 - 10 petri plates in 4 - 5 independent assays (n ˃ 60 - 80 cells) 

for each condition. 

 

4. Results 

 

4.1 Ca2+ entry systems from the extracellular medium in HT-22 cells in culture. 

 

4.1.1 LTCC are expressed in low levels in HT-22 cells in culture: LTCC activation through 

the LTCC-selective agonist (-)-BAY-K-8644 

 

 The addition of KCl to the culture medium is a method extensively used to depolarize 

the plasma membrane of cultured neurons, leading to the sustained increase of cytosolic Ca2+ 



111 
 

influx through mainly the LTCCs66. Besides, the dihydropyridine (-)-BAY-K-8644 allows LTCCs to 

open at significantly lower levels of depolarization, increasing Ca2+ influx67. In this work we used 

25 mM KCl or 50 µM of the agonist (-)-BAY-K-8644 to study the alteration of the resting cytosolic 

Ca2+ concentration in HT-22 cells loaded with the Ca2+ indicator Fluo3. The results are shown in 

the Figure 1, and demonstrated that the addition of 25 mM KCl to the extracellular medium 

(MLocke`s K5 buffer) did not altered the resting cytosolic Ca2+ concentration, whereas the 

addition of 50 µM (-)-BAY-K-8644 elicited the cytosolic Ca2+ influx in the HT-22 cells, leading to a 

peak increase of Fluo3 fluorescence of 31 ± 3%, comparing with the basal levels of Fluo3 

fluorescence before addition of (-)-BAY-K-8644. However, these results show that the effect of 

(-)-BAY-K-8644 on cytosolic Ca2+ concentration is transient, lasting less than 2 min and with a 

half-peak width of around 60 s.  
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Figure 1. Intracellular cytosolic Ca2+ concentration changes after HT-22 cells treatment with i) 25mM KCl 
and ii) 50 µM (-)-BAY-K-8644. HT-22 cells were incubated with 5 µM Fluo3 AM plus 0.025% Pluronic® F-
127 for 1h at 37 ºC and washed once with MLocke`s K5 buffer. HT-22 cells loaded with Fluo3 were placed 
at the holder of the fluorescence microscope (37 ºC) for Ca2+ imaging as described in Materials and 
Methods section. The kinetic trace shows the average of fluorescence intensity per pixel (Ft/F0; Ft is 
fluorescence value at any time; F0 fluorescence value at time 0) in the HT-22 cells before and after the 
addition of 25 mM KCl (indicated by the blue arrow) and after the addition of 50 µM of the agonist (-)-
BAY-K-8644 (indicated by the green arrow). Other experimental parameters: exposure time of 0.3 s and 
time intervals of 15 s. The results show no alteration in Ca2+ concentration after KCl addition to the 
extracellular medium and a peak increase of Fluo3 fluorescence of 31 ± 3% due the entry of Ca2+ after 
addition of 50 µM (-)-BAY-K-8644. Results presented are the mean ± s.d. of experiments done at least in 
10 petri plates in 5 independent assays (n ˃ 80 cells). 

 

 

The lack of effect in membrane depolarization after addition of 25 mM KCl in HT-22 cells 

and the large variability in KCl concentration treatments published in scientific papers66  lead us 
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to test different concentrations of KCl, ranging between 5 and 200 mM. Our results indicated no 

significant increase in Ca2+ influx after application of different KCl concentrations (data not 

shown). This result can account for the lack of scientific studies about LTCCs in this cell model. 

Nevertheless, considering the positive response with the agonist (-)-BAY-K-8644, we tested for 

the presence of LTCCs in HT-22 cells by fluorescence microscopy imaging, by staining fixed and 

permeabilized HT-22 cells with anti‐LTCC subunit α1C antibody conjugated with IgG‐Alexa 488 

(anti‐LTCC*A488) (Figure 2). A direct observation of the representative image of HT-22 cells 

stained with anti‐LTCC*A488 (Figure 2b) allow us to confirm the presence of LTCCs with a higher 

expression in central somatic regions. However, it is of note that we needed to increase the time 

of exposure up to 1 s to be able to detect LTCCs, highlighting that these channels are expressed 

in low levels in the HT-22 cell model. 

 

 

 

 

 

 

  

 

 
Figure 2. HT-22 cells express LTCCs. Representative microscopy images of fixed HT-22 BF (Figure 2a) and 
HT-22 cells stained with anti‐LTCC subunit α1C conjugated with the respective secondary antibody IgG‐
Alexa488 (GF, Figure 2b). The exposure time for GF was 1s. Scale bar inserted in fluorescence microscopy 
images = 20 μm.  

 

With these findings we demonstrated that HT-22 cells do not respond to KCl 

depolarization because LTCCs are inactive under normal culture conditions, and the low levels 

of LTCC expressed in this cell model are transiently activated only through the addition of 50 µM 

of the agonist (-)-BAY-K-8644. Therefore, we can conclude that LTCCs do not play a significant 

role for the control of Ca2+ homeostasis in HT-22 cell model. 

 

4.1.2 NMDAR and LTCCs are expressed in morphologically differentiated HT-22, but 

they are inactive  

 

During the last years some efforts have been made to differentiate HT-22 to express 

NMDAR 34,48,68 using several cell differentiation methods. In this work we used a differentiation 
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protocol as previously described (see Materials and Methods section) aiming to differentiate the 

immortalized HT-22 cell line in more mature-like neurons, and we have experimentally 

evaluated its ability to functionally express NMDAR.  

 

 

 

 

 

 

 

 

 

 

Figure 3. Representative BF images of undifferentiated (a) and differentiated (b) HT-22 cells. HT-22 cells 
were cultured in DMEM (undifferentiated) or in the differentiation medium (differentiated) as indicated 
in the Materials and Methods section. The black arrow in Figure 3b indicates neurites. Scale bar = 20 µm. 
 

 

 

  

 

 

 

 

 

 

 

 

 

 
Figure 4. Differences of synapsin-1 expression pattern in undifferentiated (b) and differentiated cells 
(d). Undifferentiated and differentiated HT-22 were stained with anti‐synapsin-1 conjugated with IgG‐
Alexa488 secondary antibody. The representative microscopy images indicate BF (Figure 4a and b) and 
the GF (Figure 4b and d) of undifferentiated and differentiated HT-22 cells. The exposure time to acquire 
GF images was 1s. Scale bar = 20 μm. 

 

After 48h in differentiation medium, some of the HT-22 cells differentiated to a mature 

neuronal state through the development of extended neurites (Figure 3b), comparing with 

undifferentiated cells (Figure 3a). Besides the evident morphological changes between 

undifferentiated and differentiated HT-22, we stained fixed and permeabilized cells with the 
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pre-synaptic marker anti-synapsin-1 conjugated with IgG‐Alexa 488 (anti-synpasin-1*A488) to 

evaluate the neuronal differentiation. The results show (Figure 4) a higher and focalized 

expression of syinapsin-1 in differentiated HT-22, comparing with undifferentiated cells, 

demonstrating once more that HT-22 were able to be differentiated in mature neurons. 

Next, we assessed the expression and activity of LTCCs and NMDARs through 

fluorescence microscopy imaging of fixed HT-22 and by evaluating the Ca2+ response of HT-22 

cells loaded with Fluo3, respectively. The direct observation of the representative images of cells 

stained with anti-LTCC*A488 (Figure 5) shows clear differences in the LTCC expression pattern 

in undifferentiated (Figure 5b) and differentiated HT-22 cells (Figure 5d).  While undifferentiated 

cells have a more diffuse pattern through all the soma, differentiated HT-22 cells present a 

stronger cluster-like pattern with focalized expression of LTCC. 

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Differences of LTCC expression pattern in undifferentiated and differentiated cells. HT-22 cells 
were cultured for 2 days in DMEM (undifferentiated) or in the differentiation medium (differentiated) as 
indicated in the Materials and Methods section and stained with anti‐LTCC subunit α1C/IgG‐Alexa488 
antibody. The representative microscopy images indicate the BF (Figure 5a and b) and the GF (Figure 5b 
and d) of undifferentiated and differentiated HT-22 cells. The exposure time to acquire GF images was 
0.8-1 s. Scale bar inserted in microscopy images = 20 μm.  
 

However, the results obtained with the Fluo3-loaded HT-22 cells show that plasma 

membrane depolarization produced by increasing KCl up to 200 mM in the extracellular medium 

does not significantly increase the resting cytosolic Ca2+ concentration (data not shown) in 

undifferentiated cells. 

The expression of NMDAR in both differentiated and undifferentiated HT-22 was 
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assessed by staining cells with anti-NMDAƐ1 antibody conjugated with IgG‐Alexa 488 (anti-

NMDAƐ1*A488) and the NMDAR activity evaluated by studying the Ca2+ response through 

extracellular addition of the agonist glutamate plus glycine or by addition of the antagonist 

MK801. In this case, the representative images in Figure 6 show no significant differences in 

NMDAR expression pattern between undifferentiated (Figure 6b) and differentiated cells 

(Figure 6d). Also, the addition of 10 µM glycine plus 100 µM glutamate to the extracellular 

medium of HT-22 loaded with the Ca2+ indicator Fluo3, showed no difference in Ca2+ influx in 

both undifferentiated and differentiated HT-22, as well as no response to the antagonist MK801 

(10 µM) (data not shown).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. NMDAR expression pattern in undifferentiated and differentiated cells. HT-22 cells were 
culture for 2 days in DMEM (undifferentiated) or in the differentiation medium (differentiated) as 
indicated in the Materials and Methods section, and stained with anti‐NMDAƐ1 subunit α1C /IgG‐
Alexa488 antibody. The representative microscopy images indicate the BF (Figure 6a and b) and the GF 
(Figure 6b and d) of undifferentiated and differentiated HT-22 cells. The exposure time to acquire GF 
images was 0.6-0.8 s. Scale bar inserted in microscopy images = 20 μm.  

 

 With the results obtained herein we can conclude that the differentiation protocol used 

in this study was able to change morphologically HT-22 cells for a more neuron-like pattern with 

the development of neurites, and with high expression of synapsin-1 and LTCCs.  However, 

despite the increase in LTCC expression and change in LTCC pattern, HT-22 cells differentiated 

in the differentiation medium described in the Materials and Methods remained inactive after 

KCl induced depolarization, as well as undifferentiated cells in DMEM. Therefore, we decided to 
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continue with the experimental studies with HT-22 cultured in normal DMEM media displaying 

the morphological appearance of differentiated neurons with large axons. 

 

4.1.3. P2R activation can elicit large peaks of cytosolic Ca2+ concentration in HT-22 cells 

 

As the LTCC and NMDAR are inactive as previously demonstrated and the AChRs are 

expressed in very low levels or inactive as mentioned in introduction section, next we wanted 

to identify the neuronal ionotropic receptors expressed in HT-22 cells that could be responsible 

for large Ca2+ influx from the extracellular medium. Taking into account that P2R whose 

activation can elicit large peaks of cytosolic Ca2+ concentration in neurons, and that they are 

expressed in the hippocampus 69,70, we have evaluated the possibility that activation of P2R can 

provide a major pathway for Ca2+ entry from the extracellular medium in the HT-22 cell cultures 

used in this work. P2R can be classified into two subfamilies: G-protein-coupled metabotropic 

(P2Y) and ligand-gated ionotropic (P2X) receptors 71. All the seven P2X receptors subtypes 

(P2X1r-P2X7R) and two subtypes of P2Y receptors (P2Y2 and P2Y11) exhibit high Ca2+ 

permeability upon activation by extracellular ATP treatment 71. Therefore, aiming to evaluate 

the effect of ATP on the resting Ca2+ cytosolic concentration, we added 100 µM ATP to the 

extracellular medium of HT-22 cells loaded with Fluo3 (Figure 7).  

As observed in the Figure 7, there is a rapid increase of the fluorescence intensity of 

Fluo3-loaded HT-22 after the addition of the P2R agonist ATP (100 µM), reaching a peak of 2.0-

fold increase of fluorescence. These results confirmed the presence of functional Ca2+ ionotropic 

P2R in HT-22 cell culture. In fact, it is important to note and highlight the differences in P2R and 

LTCC Ca2+ responses (Figure 8) after treatment with their respective stimuli (ATP or (-)-BAY-K-

8644). The Figure 8A clearly shows that P2R open faster in response to extracellular addition of 

100 µM ATP than LTCC responds to 50 µM of (-)-BAY-K-8644 and also that the Ca2+ influx after 

treatment with 100 µM ATP is about 1.5-fold higher comparing to the response with the agonist 

(-)-BAY-K-8644. Furthermore, the time duration of Ca2+ entry through P2R is larger than the LTCC 

response, as demonstrated not only by the kinetic plot (Figure 8A) but also by the Area Under 

Cure (A.U.C., Figure 8B) which is 4.5-fold higher for P2R, comparing with LTCC activation by (-)-

BAY-K-8644.  
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Figure 7. Representative kinetic trace of intracellular Ca2+ concentration after addition of ATP. HT-22 
cells were incubated with 5 µM Fluo3 AM plus 0.025% Pluronic® F-127 for 1h at 37 ºC and then changed 
to MLocke`s K5 buffer (37 ºC). The kinetic trace shows the average fluorescence intensity per pixel (Ft/F0) 
in the HT-22 cells before and after the addition of 100 µM ATP (indicated by the blue arrow). Other 
experimental parameters: exposure time of 0.3 s and time intervals of 15 s. Results are the mean ± s.d. of 
experiments done at least in 10 petri plates in 5 independent assays (n ˃ 80 cells). 
 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 8. Increase in cytosolic Ca2+ influx after HT-22 cells treatment with ATP or (-)-BAY-K-8644. HT-22 
cells were loaded with Fluo3 in culture media for 1h at 37 ºC and 5% CO2 and then washed with MLocke`s 
K5 buffer. HT-22 plates were placed at the holder of the fluorescence microscopy for Ca2+ imaging as 
described in Materials and Methods section. A) Changes in Ca2+ signals were evaluated as time-series 
curves of the average of fluorescence intensity per pixel (Ft/F0) after addition of 100 µM ATP or 50 µM (-
)-BAY-K-8644. Results show that P2R opens faster and that the influx of Ca2+ is 1.5-fold higher in response 
to extracellular addition of 100 µM ATP than LTCC respond to 50 µM of (-)-BAY-K-8644. B) The Area Under 
Curve (AUC). calculated for both treatments demonstrated that Ca2+ entry through P2R with ATP is 4.5-
fold higher than the LTCC response to (-)-BAY-K-8644 (*p < 0.05). Results presented are the mean ± s.d. 
of experiments done at least in 10 petri plates in 5 independent assays (n˃80 cells). 
 

Since LTCCs and NMDAR are inactive as we demonstrated before, the results indicate 

that P2R could be the main plasma membrane transport systems that are responsible for Ca2+ 

influx from the extracellular medium in the HT-22. 
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4.1.4 SOCE mechanism in HT22 cell cultures 

 

In this study, we have monitored SOCE by measurement of ER Ca2+ depletion after the 

addition of 2 µM Tg, a SERCA inhibitor, plus 1mM EGTA in the Ca2+-free MLocke`s K5 buffer, and 

then we recorded the increase in cytosolic Ca2+ concentration by adding 3 mM of CaCl2 to the 

Tg-containing medium. The results in Figure 9 show an increase in cytosolic Ca2+ concentration 

in HT-22 cells due to Ca2+ release from the ER induced by the SERCA blocker Tg, and then, an 

increase in the cytosolic Ca2+ concentration after the addition of Ca2+ to the extracellular 

medium. The increase of the fluorescence of Fluo3-loaded HT-22 cells after ER depletion was 

about 2-fold comparing the peak height with the basal conditions, whereas the fluorescence of 

Fluo3-loaded HT-22 cells after CaCl2 addition to the extracellular medium increased about 2.4-

fold. These results are in good agreement with the results reported in a published study 27 where 

they used similar Tg and Ca2+ concentrations to elicit SOCE in HT-22 cells.  

 

0 200 400 600

0

1

2

3

Time (s)

R
e

la
ti

ve
 c

al
ci

u
m

 c
o

n
ce

n
tr

a
ti

o
n

(F
t/

F 0
)

2M Tg 3mM Ca2+

Ca2+ free

 

Figure 9. Representative kinetic trace of SOCE in HT-22 cells. HT-22 were incubated with 5 µM Fluo3 AM 
plus 0.025% Pluronic® F-127 for 1 h at 37 ºC and then changed to Ca2+-free MLocke`s K5 buffer 
supplemented with 50 µM EGTA. The kinetics was recorded with 0.3 s time of exposure and shows the 
average fluorescence intensity per pixel (Ft/F0) in the HT-22 cells after triggering the emptying of 
intracellular stores with 2 μM Tg plus 1mM EGTA (indicated by the blue arrow) and after the addition of 
3 mM of Ca2+ to the medium (indicated by the green arrow) after store emptying. Results presented are 
the mean ± s.d. of experiments done at least in 10 petri plates in 5 independent assays (n˃80 cells). 
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4.2 Modulation of Ca2+ homeostasis by Amyloid-β peptide (1-42) after a short-period of 

incubation in HT-22 cell culture 

 

4.2.1 Extracellularly added Aβ(1-42) is partially internalized inside HT-22 cells in a short 

period of time and largely localizes at the perinuclear region 

 

As mentioned in Chapter 2, the aggregation state of Aβ(1–42) in the stock solutions used 

in this work were predominantly dimers (90 %), with a minor (<10 %) contribution of trimers, 

highlighting that we added to the extracellular medium of HT-22 cells, the oligomeric neurotoxic 

form of Aβ in this work (Aβ). However, it is important to note, that we don’t know the state of 

aggregation of internalized Aβ inside HT-22 cells after 2 h and 5 h of incubation, therefore 

independently of the state of Aβ peptide aggregation, in this work we will referred as Aβ(1-42).  

The putative cytotoxicity of 2 µM Aβ(1-42) was evaluated up to 5 h incubation in HT-22 

cells through the MTT assay, which measures the cellular mitochondrial activity as indicator of 

cell viability. The results in Figure 10 show only a 10 % loss of cell viability after 5 h incubation 

with 2 µM Aβ(1-42), compared with control, which is statistically nonsignificant (p˃0.05).  

 

 

 

 

 

 

 

 

 

 
 
Figure 10. The 10% loss of cell viability of HT-22 cells after incubation with 2 µM Aβ(1-42) for 5 h is 
statistically non-significant (p˃0.05). Untreated cells (control) and HT-22 cells incubated with 2 µM Aβ(1-
42) for 5 h at 37 ºC and 5% CO2 were incubated with MTT. The absorbance of the formazan MTT product 
was measured at 590 nm. Cell viability is expressed as percentage relative to the control. Results 
presented are the mean ± s.d. of experiments done at least in 8 petri plates in 4 independent assays (n ˃ 
60 cells); n.s. – non significant. 
 

The concentration of internalized Aβ(1-42) after 2 h and 5 h of incubation in HT-22 with 

a total concentration of 2 μM Aβ(1–42) (1.8 μM of Aβ(1–42) plus 0.2 μM of Aβ(1–42)‐HiLyteTM‐
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Fluor555), added to the extracellular medium, was measured as previously described46. RF 

images of HT-22 were acquired with an excitation filter of 556 nm and a dichroic mirror of 580 

nm with an emission filter of 590 nm and a time of exposure of 0.06 s. The RF intensity obtained 

after 2 h and 5 h of incubation was subtracted from the red autofluorescence intensity of the 

cells (n ˃ 80 cells) and the concentration was calculated with a calibration curve obtained with 

different Aβ(1–42)‐HiLyte™‐Fluor555 (Aβ(1-42)*555) concentrations added to the extracellular 

medium of fixed and permeabilized HT-22 cells (Figure 11). From these data, we calculated a 

concentration of 62 ± 11 nM and 135 ± 15 nM of Aβ(1-42), after 2 h and 5 h of incubation in HT-

22 cells, respectively, assuming that there was not a significant difference between the rate of 

internalization of Aβ(1–42)*555 and unlabeled Aβ(1–42). Besides de amount of internalized 

Aβ(1-42), we have assessed the subcellular distribution of Aβ in HT-22. The Figure 12 show 

representative BF, RF and merge images (BF plus RF image) of Aβ(1–42)*555 after incubation in 

HT-22 cells for 2 h and 5 h, respectively. 

 

 

Figure 11. Calibration curve of internalized Aβ(1–42)*555 in fixed and permeabilized HT-22 cells to 
calculate the internalized concentration of Aβ(1–42) in living HT-22 cells. 

 

The direct observation of the representative merge images demonstrate a clear 

internalization of Aβ(1–42)*555 inside living HT-22 cells (Figure 12c and f). After 2 h of 

incubation it seems that Aβ(1–42) is distributed through all the cytoplasm, with focalized points 

near the nuclear region. However, after 5 h of incubation (Figure 12f-g) the subcellular 

distribution of Aβ(1–42)*555 is mainly near the perinuclear region. These results demonstrated 

that: i) extracellular Aβ(1–42) added to the HT-22 medium is being internalized inside cells only 

after a short period of time of incubation, and ii) Aβ(1–42) is largely interacting with 

cytoplasmatic organelles, possibly mainly with the ER, mitochondria and/or lysosomes. 

Noteworthy, these subcellular organelles have been reported to be targets for interaction and 
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modulation by intracellular Aβ peptides in studies performed with other cells72–75 and also in HT-

22 cells26. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 12. Subcellular distribution of Aβ(1–42)*555 after 2 h  and 5 h  incubation in HT-22 cells. HT-22 
were incubated with of 2 μM Aβ(1–42) (1.8 μM of Aβ(1–42) plus 0.2 μM of Aβ(1–42)*555) for 2  h and 5 
h  at 37 ºC and 5% CO2. Then cells were washed once with MLocke`s K5 buffer and placed in the holder of 
the fluorescence microscope thermostated at 37 °C for image acquisition, as described in Material and 
Methods section. Figure 12a-c shows representative images of BF, RF, and Merge (BF plus RF) of HT-22 
incubated for 2 h with Aβ(1–42). Figure 12d-f shows representative images of BF, RF and Merge of HT-22 
cells incubated for 5 h with Aβ(1–42). Figure 12g shows a focalized zoom of the Figure 12f to highlight the 
subcellular distribution of Aβ(1–42)*555 near the perinuclear region of HT-22 soma. Scale bar inserted in 
fluorescence microscopy images = 20 μm. 

 

4.2.2 Internalized Aβ(1-42) colocalizes with mitochondria and ER in living HT-22 cells. 

 

We added to the extracellular medium of HT-22 loaded with Aβ(1–42)*555, the 

fluorescent dyes MitoTracker™ Green FM or ER-Tracker™ Green, to evaluate if Aβ(1–42) 

colocalize with mitochondria and/or ER, respectively. We decided to assess the co-localization 

between Aβ(1–42) and ER and mitochondria only after 5 h of incubation with Aβ(1–42)*555 

because at 2 h  of incubation the fluorescence intensity signal is low, compared with the 

background, making difficult to accurately evaluate the subcellular distribution of Aβ due to the 
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poor signal. The Figure 13 shows representative images of HT-22 loaded with Aβ(1–42)*555 (RF) 

plus 20 nM MitoTracker™ Green FM (GF).  

The MitoTracker™ Green FM is a green-fluorescent dye that stain cellular mitochondria 

regardless of mitochondrial membrane potential. As opposed to Aβ(1–42)*555 that show a 

preferential distribution near the nucleus (Figure 13b), mitochondria are distributed throughout 

all the HT-22 cells, including the extensions as can be seen in the representative image of HT-22 

cells stained with MitoTracker™ Green FM (Figure 13c).  The merge image (Figure 13d) show a 

moderate co-localization between Aβ(1–42)*555 and MitoTracker™ Green FM, which can be 

more easily observed by the yellow-orange stained regions of HT-22 cells, marked by the white 

arrows in the Figure 13e. 

The ER-Tracker™ Green is a live cell-permeant highly selective for the ER. In the 

representative image of HT-22 cells stained with ER-Tracker™ Green (Figure 14c) it can be seen 

the ER distribution in HT-22. In this case, the ER has a more diffuse distribution pattern in the 

HT-22 soma (compared with mitochondria) and a very poor presence in the extensions. Of note, 

it is important to highlight the higher density of ER near the perinuclear region like we saw 

before for Aβ(1–42)*555. The merge image (Figure 14d) show a moderate co-localization 

between Aβ(1–42)*555 and ER-Tracker™ Green FM, which is pointed out by the yellow-orange 

stained regions in HT-22 cells near the perinuclear region (Figure 14e). 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 13. Moderate co-localization between internalized Aβ(1–42)*555 and mitochondria, after 5 h of 
Aβ(1–42) incubation in HT-22 cell line. HT-22 were incubated with 2 μM Aβ(1–42) (1.8 μM of Aβ(1–42) 
plus 0.2 μM of Aβ(1–42)*555) for 5 h at 37 ºC and 5% CO2. Then cells were washed once with MLocke`s 
K5 buffer and placed in the holder of the fluorescence microscope thermostated at 37 °C for fluorescence 
imaging of Aβ(1–42)*555 (Figure 13b). Next, cells were incubated with 20 nM MitoTracker™ Green FM 
for 5 min at 37 ºC and 5% CO2 and placed again in the holder of the fluorescence microscope for 
fluorescence imaging acquisition (Figure 13c). Figure 13d shows a merge image between Aβ(1–42)*555 
and MitoTracker™ Green FM. Figure 13e shows a focalized zoom of Figure 13d and the white arrows point 
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out regions of higher co-localization between Aβ(1–42)*555  and MitoTracker™ Green FM. Scale bar 
inserted in fluorescence microscopy images = 20 μm. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 14. Moderate co-localization between internalized Aβ(1–42)*555 and ER, after 5 h of Aβ(1–42) 
incubation in HT-22 cell line. HT-22 were incubated with 2 μM Aβ(1–42) (1.8 μM of Aβ(1–42) plus 0.2 μM 
of Aβ(1–42)*555) for 5 h at 37 ºC and 5% CO2. Then cells were washed once with MLocke`s K5 buffer and 
placed in the holder of the fluorescence microscope thermostated at 37 °C for fluorescence imaging of 
Aβ(1–42)*555 (Figure 14b). Next, cells were incubated with 100 nM ER-Tracker™ Green FM for 5 min at 
37 ºC and 5% CO2 and placed again in the holder of the fluorescence microscope for GF imaging acquisition 
of ER-Tracker™ Green FM (Figure 13c) and RF of Aβ(1–42)*555. Figure 14d shows a merge image between 
Aβ(1–42)*555 and ER-Tracker™ Green FM. Figure 14e shows a focalized zoom of Figure 13d and the white 
arrows point out regions where the co-localization between Aβ(1–42)*555 and ER-Tracker™ Green FM is 
higher. Scale bar inserted in fluorescence microscopy images = 20 μm. 

 

4.2.2.1 Incubation during 2 h and 5 h with 2 μM Aβ(1-42) do not alter significantly the 

mitochondria membrane potential (ΔΨm) in the HT-22 cell culture 

 

The results obtained for the localization of internalized Aβ(1-42) prompted us to 

evaluate the effect of Aβ(1-42) in the ΔΨm after incubation with 2 µM Aβ(1-42) for 2 h and 5 h 

in HT-22 cells. To this end, we used the fluorescent dye TMRE, which accumulates in non-

depolarized mitochondria. As shown in a previous work of our laboratory56, the degree of 

mitochondria depolarization is proportional to the decrease of the average number of high 

intensity fluorescence pixels in HT-22. As positive control, and for complete mitochondrial 

depolarization, we added to the extracellular medium, 5 μM of FCCP a potent 

mitochondrial oxidative phosphorylation uncoupler. Representative kinetic traces of the 

average fluorescence intensity per pixel (Ft/F0) of control cells and HT-22 incubated with 2 µM 

Aβ(1-42) during 2 h and 5 h are shown in the Figure15A. 
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Figure 15. The mitochondria membrane potential is not statistically significant affected by Aβ(1-42) in 
a short period of time (p˃0.05). Untreated cells (control) and HT-22 cells incubated with 2 µM Aβ(1-42) 
for 2 h  and 5 h  at 37 ºC and 5%CO2 were loaded with 100 nM TMRE for 10 min and placed in the holder 
(37 ºC) of the fluorescence microscope for cell imaging. A) Representative kinetic traces of the average 
fluorescence intensity (Ft/F0) recorded over time with a 556 nm excitation filter/ 590 nm emission filter 
and a dichroic mirror of 580 nm with a time of exposure 0.01 s. The black arrow indicates the addition of 
5 µM FCCP with a subsequent extinction of the mitochondria membrane potential.  B) Means of the 
difference of the average fluorescent intensity before and after the addition of 5 µM FCCP normalized for 
the baseline fluorescent intensity (ΔF/F0). C) Representative BF images and fluorescence microscopy 
images of TMRE-loaded HT-22 cells, before and after addition of 5 µM FCCP in untreated HT-22 cells 
(control, a-c) and in cells treated with 2 µM Aβ(1-42) for 2 h (d-f) and for 5 h (g-i). Results show that the 
mitochondria membrane potential (Δψm) is not statistically affected by Aβ(1-42) incubated for 2 h  or 5 h  
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in HT-22 cells, comparing with untreated cells (control). Scale bar inserted in fluorescence microscopy 
images = 20 μm. n.s.- non significative. 

 

The results show a fast and large decrease in ΔΨm after addition of 5 µM FCCP, as 

expected, being this decrease higher in the control group compared with HT-22 cells treated 

with Aβ(1-42). However, this difference is not statistically significant (p˃0.05), as demonstrated 

by the difference of the average fluorescent intensity before and after the addition of FCCP 

(Figure 15 B). The Figure 15C, shows representative images of HT-22 BF and TMRE-loaded HT-

22 cells, before and after addition of 5 µM FCCP in the control group (a-c) and in cell-treated 

with 2 µM Aβ(1-42) for 2 h (d-f) and for 5 h (g-i). 

 

4.2.2.2 FRET imaging shows colocalization between PDI and Aβ(1–42)*555 in HT-22 

cell line, but Aβ(1-42) does not directly modulate PDI activity  

 

 The protein disulfide isomerase (PDI) is highly expressed in ER and play a major role as 

molecular chaperone by catalyzing disulfide bond oxidation, reduction, and isomerization 76. 

More recent studies have revealed unconventional roles for PDI in neurodegenerative diseases 

(i.e. AD), distinct from its normal function in the ER 77. According to Erickson and co-workers the 

PDI family has an important role to prevent Aβ oligomerization 78. Besides, it was demonstrated 

that PDI levels are significantly decreased in oligodendrocytes in the brains of AD patients and 

also in an AD mouse model, before the animals displayed AD pathology 79. On these grounds, 

we further assessed if Aβ(1-42) and PDI are within FRET distance in fixed and permeabilized HT-

22 cells, by using the Fluorescence Resonance Energy Transfer (FRET), and evaluated if the PDI 

activity is modulated by Aβ(1-42). First, we stained HT-22 cells with increasing concentrations of 

Aβ(1–42)*555 (25-100nM) as described in Materials and Methods section, aiming to perform 

the measurements with the lowest Aβ(1–42)*555 concentrations to highlight only the 

subcellular location of the high affinity binding sites for  Aβ(1–42). The representative images in 

Figure 16 show HT-22 cells stained with 25, 50, 75 and 100 nM of Aβ(1-42)*555. As expected, 

the RF intensity increases as the Aβ(1-42)*555 concentration increases. The 3D surface plots 

highlight once more the subcellular distribution of Aβ(1-42)*555, which is more focalized near 

the HT-22 nucleus, as we demonstrated before in HT-22 living cells (Figure 12). Then, we 

selected the concentrations of 25, 50 and 100 nM of Aβ(1-42)*555 to experimentally assess the 

occurrence of FRET between anti-PDI conjugated with IgG‐Alexa488 (Anti-PDI*A488) and Aβ(1-

42)*555. The Figure 17A shows a high co-localization within FRET distance between anti-

PDI*A488 and Aβ(1–42)*555, demonstrated by the increase in the red/green fluorescence 
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intensity ratio in the presence of 50 and 100 nM of Aβ(1–42)*555. After subtraction of the red 

intensity by direct excitation of Aβ(1–42)*555, we have calculated a 2.2-fold and 5.2-fold 

increases of the red/green fluorescence intensity ratio, respectively. On the other hand, there is 

no co-localization within FRET distance between anti-PDI and 25 nM of Aβ(1–42)*555, as the 

same ratio values were calculated for anti-PDI in the absence or presence of 25 nM Aβ(1–

42)*555.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 16. Fluorescence microscopy images of fixed HT-22 stained with increased concentrations of 
Aβ(1–42)*555. Representative fluorescence microscopy images of permeabilized HT-22 staining with 25, 
50, 75 and 100 nM of Aβ(1–42)*555. BF and RF images are shown for representative selected fields.  
Surface plots are shown for each concentration tested, highlighting the focalized subcellular distribution 
of Aβ(1–42) mainly in the perinuclear region of HT-22 soma. The exposure time for RF images was 0.03 s. 
Scale bar inserted in fluorescence microscopy images = 20 μm.  
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Representative fluorescence microscopy images of HT-22 stained with anti‐PDI*A488 in 

the absence and presence of 50 nM Aβ(1–42)*555 are shown in Figure 17B. The direct 

observation of the images allows to visualize a decrease in the GF intensity after addition of 50 

nM Aβ(1–42)*555 (Figure 17e), compared with cells stained only with anti-PDI (Figure 17b). The 

merge image highlights the existence of punctata colocalization between anti‐PDI*A488 and 50 

nM Aβ(1–42)*555 in the neuronal soma, as showed by the yellow-orange pixels.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 17. Extensive FRET between anti-PDI and Aβ(1–42)*555. A) Ratio of red/green fluorescence 
intensity per pixel (RF/GF) obtained from the analysis of fluorescence intensity data of HT-22 stained with 
anti‐PDI/IgG‐Alexa488 only (PDI*A488) and double stained with anti‐PDI*IgG‐Alexa488 plus 25, 50 or 100 
nM Aβ(1–42)*555. The results shown are the mean ± s.d. (*) p < 0.05, (i.e., statistically significant with 
respect to the control; n.s. – non significant). B) Representative fluorescence microscopy images of HT-22 
stained with anti‐PDI/IgG‐Alexa488 (PDI*A488, a–c) or with anti‐PDI/IgG‐Alexa488 plus 50 nM Aβ(1–
42)*555 (PDI*A488/Aβ(1–42)*555, d‐g). BF, GF and RF images are shown for each of the selected fields, 
and the orange‐yellow areas (merge image, g) point out the higher intensity FRET regions. The exposure 
time for GF and RF images was 0.4 s. Scale bar inserted in fluorescence microscopy images = 20 μm.  
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As we saw colocalization between PDI and Aβ(1–42)*555 within FRET distance, we have 

experimentally evaluated the effect of Aβ(1–42) on PDI activity, by measuring PDI activity 

through the isomerase assay as described in Materials and Methods section. The Figure 18 show 

representative kinetic traces of the disulfide reductase activity of PDI acquired after 10 min of 

incubation, a time needed to reach the linear steady-state rate of substrate reduction with HT-

22 lysates using this assay method (data not shown). The results obtained demonstrated that 

Aβ(1–42) do not significantly alter the activity of PDI in HT-22 cell lysates at the concentrations 

attained within HT-22 cells. These results allow to conclude that Aβ(1-42) and PDI are within 

FRET distance, but Aβ(1-42) concentrations internalized within HT-22 in our experimental 

protocols do not inhibit the activity of PDI.  
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Figure 18. Aβ(1-42) do not alter the activity of PDI in HT-22 cell lysates. The pseudo substrate of PDI, Di-
E-GSSG (150 nM) was incubated with HT-22 cell lysates (34 µg protein) in the absence (black squares) or 
presence of 200 nM Aβ(1-42) (red hexagons) or 200 nM Aβ(1-42) preincubated with cell lysate (purple 
triangles) in PDI`s buffer assay. Fluorescence intensity was measured at room temperature (24±1 ºC) with 
excitation and emission wavelengths of 522 and 550 nm, respectively. The results show no statistically 
significant differences in the kinetic activity of PDI in the absence or presence of Aβ(1-42).  
 
 

4.2.3. FRET imaging highlights the association of Aβ(1–42)*555 with CaM in HT-22 

cells 

 

In a previous work, described in Chapter 2,  we showed through co-immunoprecipitation 

and FRET techniques that CaM is a major target protein for Aβ(1–42) in mature CGN 46.  

Therefore, we decided to experimentally assess if CaM and Aβ(1–42) are also within FRET 

distance in fixed and permeabilized mouse hippocampal HT-22 cells in culture. To this end, we 

stained HT-22 cells with anti‐CaM conjugated with the secondary antibody IgG Alexa488 (anti-

CaM*A488) in the absence and presence of 50 and 100 nM of Aβ(1–42)*555. As can be seen in 
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Figure 19A, there is a large increase in the red/green fluorescence intensity ratio in the presence 

of 50 and 100 nM of Aβ(1–42)*555,  after subtraction of the red intensity by direct excitation of 

Aβ(1–42)*555. The results yielded a 3.4-fold and 6.9-fold increase, after addition of 50 and 100 

Aβ(1–42)*555, respectively, demonstrating an extensive colocalization within FRET distance 

between CaM and Aβ(1–42) in HT-22 cells. Figure 19B shows representative fluorescence 

microscopy images of HT-22 stained with anti-CaM*A488 in the absence and in the presence of 

50 Aβ(1–42)*555. The orange-yellow pixels presented in the merge image (Figure 19g) reveal 

the regions with high colocalization between CaM and Aβ(1–42). Therefore, these results 

confirms once more that CaM is a major binding target protein for Aβ(1–42).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19. Extensive FRET between calmodulin (CaM) and Aβ(1–42)*555. A) Ratio of red/green 
fluorescence intensity per pixel (RF/GF) obtained from the analysis of fluorescence intensity data of HT-
22 stained with anti‐CaM/IgG‐Alexa488 only (CaM*A488) and double stained with anti‐CaM*IgG‐
Alexa488 plus 50 or 100 nM of Aβ(1–42)*555. The results shown are the mean ± s.d. (*) p < 0.05, (i.e., 
statistically significant with respect to the control). B) Representative quantitative fluorescence 
microscopy images of HT-22 stained with anti‐CaM/IgG‐Alexa488 (CaM*A488, a–c) or with anti‐CaM/IgG‐
Alexa488 plus 50 nM Aβ(1–42)*555 (CaM*A488/Aβ(1–42)*555, d‐g). BF, GF and RF images are shown for 
each of the selected fields, and the orange‐yellow areas (merge image, g) point out for higher intensity 
FRET regions. The exposure time for GF and RF images was 0.4 s. Scale bar inserted in fluorescence 
microscopy images = 20 μm.  
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4.2.4. Aβ(1-42) inhibits SOCE activity after a short period of incubation in HT-22 cells  

 

As demonstrated earlier (Figures 14 and 17), internalized Aβ(1-42) interacts with ER in 

HT-22 cells. Due to this, we evaluated the effect of Aβ(1-42) in SOCE mechanism after 2 h of 

incubation with 2 µM Aβ(1-42) in HT-22 cells loaded with Fluo3. The Figure 20A, shows 

representative kinetic traces of SOCE in untreated HT-22 cells (control, black trace) or cells 

treated with 2 µM Aβ(1-42) for 2 h  (red trace) and the results demonstrate a significant decrease 

of SOCE after HT-22 treatment with Aβ(1-42). Accordingly with the Figure 20B, there is an 

inhibition of both Ca2+ release from stores and Ca2+ entry through the plasma membrane, being 

the Ca2+ decrease about 37 ± 7% and 32 ± 6%, respectively, compared with control. These results 

are also shown by the representative fluorescence microscopy images of HT-22 cells Figure 20C. 

It is important to note that controls run with 2 μM of scrambled Aβ(1–42) for 2 h did not produce 

alterations of the Ca2+ in SOCE experiments, compared with untreated cells (control) (Figure 21).  

To confirm that Aβ(1-42) is modulating the SOCE mechanism, we tested a selective SOCE 

inhibitor,  named BTP2 (also known as YM58483) as positive control. BTP2 is considered selective 

because it does not affect Ca2+ signaling by the ER or mitochondria or other channel activities 

such as voltage-operated Ca2+ channels (that are inactive in HT-22 cells) or K+ channels in T-

cells80,81. We added 3 µM of BTP2 to the HT-22 culture medium 15 min before the end of the 

incubation with Fluo3 AM (control cells) or before the end of the incubation with Fluo3 AM plus 

2 µM Aβ(1-42) 2 h  in treated cells. The results are shown in Figure 22. The panel A shows that 

there is no significative difference in Ca2+ release from stores between the control cells in the 

absence (black trace) and presence of 3 µM BTP2 (blue trace), which are in good agreement with 

the expected results, because BTP2 do not affect Ca2+ signaling through ER. On the other hand, 

there is a large decrease in the entry of Ca2+ through the plasma membrane, i.e. 71 ± 8% in 

control cells incubated with BTP2, relative to the control without BTP2 (Figure 22B), which 

confirms the effect of the STIM1-mediated SOCE inhibitor BTP2 by blockade of Ca2+ influx. 

Concerning the results obtained with HT-22 cells incubated with Aβ(1-42), there is no statistically 

significant difference in Ca2+ release from stores in HT-22 cells treated with only 2 µM Aβ(1-42) 

for 2 h  (37 ± 7% inhibition, Figure 20B) and cells treated with both 2 µM Aβ(1-42) 2 h and 3 µM 

BTP2 (42 ± 6 % inhibition, Figure 22B). Regarding the Ca2+ entry, the results show a 2-fold 

decrease in Ca2+ influx after HT-22 incubation with 2 µM Aβ(1-42) for 2 h plus 3 µM BTP2, a 

decrease that is the same to that observed with HT-22 cells incubated with only Aβ(1-42). These 

results indicate that Aβ(1-42) is partially inhibiting SOCE through the inhibition of STIM1-

operated Ca2+ entry. 
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Figure 20. SOCE inhibition by Aβ(1-42) in HT-22 cells after 2 h  of incubation. Untreated (control) a 
treated HT-22 cells incubated with 2 µM Aβ(1-42) for 2 h  at 37 ºC and 5% CO2 were loaded with 5 µM 
Fluo3 AM and 0.025% Pluronic® F-127 for 1 h. Then cells were washed once with Ca2+-free MLocke`s K5 
buffer (medium assay) and placed at the holder (37 ºC) of the fluorescence microscopy for Ca2+ imaging 
of SOCE. A) Representative kinetic traces of untreated HT-22 cells (black trace) and HT-22 cells incubated 
with 2 µM Aβ(1-42) for 2 h  (red trace) after addition of  2 μM Tg (indicated by the blue arrow) for Ca2+ 
release from stores and after addition of 3mM Ca2+ to evaluate the extension of Ca2+ entry inside HT-22 
cells through the plasma membrane (indicated by the green arrow). The experiment was performed at 
0.3 s exposure time. B) Means of the average fluorescent intensity (ΔF/F0) relatively to control, after 
addition of Tg (Ca2+ release from stores) or after addition Ca2+ (Ca2+ entry). Results show that Aβ(1-42) 
inhibits about 37 ± 7 % and 32 ± 6 % of Ca2+ release from stores and  Ca2+ entry, respectively, compared 
with control.  Data are presented as the mean ± s.d. of experiments done at least in 10 petri plates in 5 
independent assays (n˃80 cells, *p<0.05, relatively to each control). C) Representative fluorescence 
images of untreated HT-22 (control) and cells treated with 2 µM Aβ(1-42) 2 h , loaded with Fluo3 and after 
SOCE experiments. Scale bar = 20µm. 
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Figure 21. Scrambled Aβ(1-42) did not alter the resting cytosolic Ca2+ concentration peaks in SOCE 
experiment. Untreated cells (control) and HT-22 treated with 2 µM scramble Aβ(1-42) for 2 h  at 37 ºC 
and 5% CO2  were loaded with Fluo3 AM plus Pluronic® F-127 and submitted to SOCE experiments as 
described in the Materials and Methods section. The results presented do not show statistically 
difference, neither in Ca2+ release from stores after addition of Tg, nor in the Ca2+ influx after Ca2+ addition 
to the extracellular medium. Data are presented as the means of the average fluorescent intensity (ΔF/F0) 
represented by percentage (%), relatively to control cells, of experiments done at least in 8 petri plates in 
4 independent assays (n˃60 cells;). n.s. – non significant. 
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Figure 22. Effect of the SOCE inhibitor BTP2 in untreated (control) and treated HT-22 cells [Aβ(1-42)]. 
Untreated HT-22 cells (control) and treated cells with 2 µM Aβ(1-42) for 2 h  were incubated with 3 µM 
of BTP2 for 15 min, as described in Materials and Methods section. Plates were placed at the holder (37 
ºC) of the fluorescent microscopy for Ca2+ imaging of SOCE. A) Representative kinetic traces of HT-22 
control with (blue trace line) or without BTP2 (black trace line) and HT-22 cells incubated with 2 µM Aβ(1-
42) for 2 h  plus BTP2 (bordeaux trace line) after addition of 2 μM Tg (indicated by blue arrow) for Ca2+ 
release from stores and addition of 3mM Ca2+ to evaluate the extension of Ca2+ entry inside HT-22 cells 
(indicated by the green arrow). The experiment was performed at 0.3 s exposure time. B) Means of the 
average fluorescent intensity (ΔF/F0) represented by percentage (%), relatively to control cells. BTP2 do 
not elicit Ca2+ depletion but inhibits the Ca2+ influx in about 71 ± 8% in control cells and HT-22 cells 
incubated with 2 µM Aβ(1-42) 2 h , comparing with the respective controls.  Data are presented as the 
mean ± s.d. of experiments done at least in 10 petri plates in 5 independent assays (n˃80 cells for each 
condition) (*p<0.05, relatively to each control). C) Representative fluorescence images of untreated HT-
22 (control), cells with 3 µM BTP2, and cells treated with Aβ(1-42) plus 3 µM BTP2. Scale bar = 20µm.  

 

4.2.4.1 Binding of STIM1 with Aβ(1–42) in lysates of HT-22 cells 

 

In order to gain a deeper insight into the possible mechanism underlying the SOCE 

inhibition induced by a short time incubation with Aβ(1-42), we assessed the interaction 

between  STIM1 and Aβ(1-42),  since as explained earlier in the Introduction,  STIM1 and Orai1 

proteins are well established as the building blocks of SOCE 82 and, therefore, are functionally 

coupled in store-operated Ca2+ currents 83. We used the co-immunoprecipitation method to 

evaluate the formation of STIM1-Aβ(1–42) complexes in HT-22 cell lysates with the anti‐Aβ(1–

42) antibody and in the presence of 250 nM Aβ(1–42) (Figure 23).  

 

 

 

 

 

 

 

Figure 23. Co‐immunoprecipitation between STIM1 and Aβ(1–42).  Western blotting of STIM1 (anti‐
STIM1 ps621) after co‐immunoprecipitation assay with mouse anti‐Aβ antibody, as described in the 
Materials and Methods section. 
 
 

The western blotting clearly reveal the formation of STIM1-Aβ complexes in HT-22 cell 

lysates, demonstrating that STIM1 is a target molecule of Aβ(1-42). Of note, other studies have 

demonstrated that STIM1 protein expression level decreased with the progression of 

neurodegeneration in AD84.  

Owing to the relevance of these co-immunoprecitation results, we have also assessed 

the binding of Aβ oligomers with STIM1 using FRET between GFP-STIM1 and Aβ(1–42)*555. 
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Samples of the membrane fraction of hypotonic lysates of HEK 293 cells expressing GFP-STIM1, 

prepared as described in85, have been kindly supplied by Dr. Francisco Javier Martín-Romero. 

Figure 24 shows the results of the titration of GFP-STIM1-containing membranes with Aβ(1–

42)*555. These results show that Aβ(1–42)*555 produces about 18% quenching of GFP-STIM1 

fluorescence at saturation by FRET to Aβ(1–42)*555, but not of GFP-empty used as control, 

excluding the possibility that the observed quenching was due to a direct interaction of Aβ(1–

42)*555 with the GFP protein attached to STIM1. Assuming that about 50% of the membranes 

are inverted with respect to the right-side out orientation, from the maximum quenching of GFP-

STIM1 fluorescence by Aβ(1–42)*555 we can calculate that Aβ(1–42)*555 binds to a site that is 

at ≈ 6 - 7 nm distance from GFP in GFP-STIM1, using the R0 value for the FRET pair GFP (donor)/ 

Aβ(1–42)*555 (acceptor) given in the Materials and Methods section. In addition, the results 

shown in the Figure 24 allows to obtain a dissociation constant of ≈ 10 nM Aβ(1–42)*555 from 

its complex with GFP-STIM1. 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 24. Titration of the fluorescence of GFP-STIM1 with Aβ(1–42)*555. A) Emission fluorescence 
spectra of 10 μg/mL of HEK 293 cell lysate containing GFP-STIM1 in the absence (black trace) and after 
the addition of 10 nM (red trace) and 20 nM (green trace) of Aβ(1–42)*555. Fluorescence spectra were 
recorded at RT in buffer: 50 mM Hepes, 100 mM KCl, 2 mM MgCl2 and 50 μM CaCl2 (pH 7.05). The spectra 
were acquired between 20 and 30 min after the addition of the indicated Aβ(1–42)*555 concentration, 
with excitation wavelength of 488 nm, and excitation and emission slits of 2 nm. B) Fluorescence of the 
emission peak of GFP-STIM1 (white-filled bars) and of GFP-empty (gray-filled bars) in the presence of 
different Aβ(1–42)*555 concentrations. F and F0 are the fluorescence in the presence and in the absence 
of Aβ(1–42)*555, respectively. The results shown are the average of triplicate experiments ± the standard 
error. (*) p <0.05; n.s.- no statistically significant. 

 

4.2.4.2 Aβ(1-42) stimulates Ca2+ release from ER through IP3R and to a lesser extent, 

through RyR in HT-22 cells 
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As the amount of Ca2+ release from stores is also decreased by Aβ(1-42) (Figure 20) and 

SERCA is not inhibited by concentrations of Aβ(1-42) up to 2 μM86 we hypothesized that the 

ligand-gated Ca2+ channels RyR and/or the IP3R from ER are being modulated by Aβ(1-42). To 

confirm this hypothesis, we used inhibitors of RyR and IP3R and assessed the effect of Aβ(1-42) 

in Ca2+ dynamics using fluorescence microscopy imaging.  

Ryanodine, an alkaloid derived from the plant Ryania speciosa, binds with high 

selectivity and affinity to RyR. At high concentrations (> 100 µM) ryanodine blocks RyR, while at 

nanomolar concentrations locks the channel in an open subconductance state 87. We incubated 

untreated (control) and treated HT-22 cells (2 µM Aβ(1-42) 2 h) with 100 µM ryanodine for 1h 

in culture medium at 37 ºC and proceeded to SOCE experiments. The results are presented in 

Figure 25 and show a significative increase (2.2-fold) in Ca2+ release from stores after HT-22 cells 

were incubated with 100 µM ryanodine, compared with the control in absence of ryanodine, 

which demonstrated the blockade of RyR by ryanodine.  Furthermore, there is a decrease in Ca2+ 

release from ER in HT-22 cells treated with Aβ(1-42) plus 100 µM ryanodine (± 20%) compared 

with cells treated only with ryanodine, indicating that Aβ(1-42) is partially stimulating RyR. 

 

 

 

 

 

 

 

 

 
Figure 25. Aβ(1-42) partially stimulates RyR activity after 2 h of incubation in HT-22 cells. Untreated 
(control) and treated HT-22 cells (2 µM Aβ(1-42)) were loaded with Fluo3 AM plus 0.025% Pluronic® F-
127 in the absence and presence of the RyR inhibitor ryanodine (100 µM) for 1 h. After, cells were washed 
once with Ca2+-free MLocke`s K5 buffer and placed at the holder of the fluorescent microscope for SOCE 
experiments as describe in Materials and Methods section. The graphic represents the means of the 
average of fluorescence intensity per pixel after addition of 2 µM Tg to the extracellular Ca2+-free 
MLocke`s K5 medium in untreated cells (control) and HT-22 treated with 2 µM Aβ(1-42), in absence and 
presence of 100 µM ryanodine.  The results indicated that ryanodine blocks the RyR, as demonstrated by 
the significant increase in Ca2+ release from stores (2.2-fold) in control cells incubated with the inhibitor, 
compared with control cells without ryanodine. Also, there is a decrease in Ca2+ release from stores (± 
20%) in HT-22 cells treated with Aβ(1-42) plus 100 µM ryanodine, comparing with cells incubated only 
with ryanodine (control plus ryanodine) indicating that Aβ(1-42) partially stimulates the RyR activity. 

 

Xestospongin C (XeC), a marine alkaloid isolated from the Okinawan 

sponge Xestospongia sp, has been used as IP3R blocker88,89. In fact, Wang and co-workers (2019) 
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demonstrated that XeC could ameliorate the cognitive impairments and pathological damage in 

APP/PS1 mice, suggesting that XeC  might be considered as novel therapeutic for AD90. However, 

other studies have been suggesting that XeC is not selective only for IP3R, and equally blocks 

SERCA activity 91,92. Due to the lack of more specific and selective IP3R blockers, we used XeC as 

inhibitor to evaluate the effect of Aβ(1-42) in Ca2+ release from stores. We incubated 3 µM of 

XeC for 15 min at 37 ºC and 5 %CO2 in untreated (control) and treated cells (2 µM Aβ(1-42)) and 

placed Fluo3-loaded HT-22 cells in the thermostated fluorescence microscope for SOCE 

experiments.  The results (Figure 26) show that 3 µM of XeC inhibits about 56 ± 4 % the amount 

of Ca2+ released from stores (after tg addition) in untreated HT-22 cells, compared with the 

respective control (untreated HT-22 cells without XeC). The same result was obtained with HT-

22 cells treated with 2 µM Aβ(1-42) plus XeC (57 ± 5 % inhibition). These findings allow us to 

conclude that the decrease of Ca2+ release from ER in HT-22 cells treated with Aβ(1-42) (about 

37% inhibition) is largely due the stimulation of IP3R activity.   

 

 

 

 

 

 

Figure 26. Aβ(1-42) stimulates IP3R activity in HT-22 cells. Untreated (control) and HT-22 cells treated 
with 2 µM Aβ(1-42) for 2 h  were loaded with Fluo3 AM plus 0.025% Pluronic® F-127 for 1h. After, cells 
were washed once with Ca2+-free MLocke`s K5 buffer and incubated with 3 µM of XeC for 15 min at 37 ºC 
and placed at the holder of the fluorescent microscope for SOCE experiments. The graphic represents the 
mean of the average of fluorescence intensity after addition of 2 µM tg to the extracellular Ca2+-free 
medium in untreated cells (control) and HT-22 treated with 2 µM Aβ(1-42), in the absence and presence 
of 3 µM XeC. The results show that 3 µM of XeC inhibits about 56 ± 4 % the amount of Ca2+ released from 
stores (after tg addition) in control HT-22 cells, and inhibits about 57 ± 5 % in cells treated with Aβ(1-42) 
compared with the respective controls, suggesting that Aβ(1-42) stimulates IP3R activity (37% ± 7%) 
(p<0.05). 

 

As RyR and IP3R activities are stimulated by Aβ(1-42), we measured the [Ca2+]i. The 

results in Figure 27 show that the [Ca2+]i is not significantly altered after 2 h and 5 h with 2 µM 

Aβ(1-42) in Fura2-loaded nor in Fluo3-loaded HT-22 cells. 
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Figure 27. Intracellular Ca2+ concentration ([Ca2+]i) is not significantly altered after 2 h and 5 h with 2 µM 
Aβ(1-42) in HT-22 cells. Untreated (control) and treated HT-22 cells with 2 µM Aβ(1-42) for 2 h  and 5 h  
were loaded with 5µM Fura2 AM or Fluo3 AM plus 0.025 Pluronic® F-127 for [Ca2+]i measurements, as 
described in Materials and Methods section. A) Representative fluorescence images of Fura2-loaded 
untreated HT-22 cells (control, a) and HT-22 cells treated with 2 µM Aβ(1-42) for 2 h  (b) and 5 h  (c). Scale 
bar = 20µm. B) [Ca2+]I obtained for untreated cells (control, 75 ± 8nM) and HT-22 cells incubated with 2 
µM Aβ(1-42) for 2 h (81 ± 9nM) and 5 h (82 ± 8nM). 

 

4.2.5 Incubation of HT-22 cells during 2 h with 2 μM Aβ(1–42) decreases the influx of 

Ca2+ from the extracellular medium through P2R 

 

As demonstrated earlier in the 3.1 section of this chapter, P2R are the main plasmatic 

membrane receptors responsible for the influx of Ca2+ in HT-22 cell model. For that reason it 

became relevant to study the effect of Aβ(1–42) in the activity of P2R. The results obtained by 

measurements of the cytosolic Ca2+ of HT-22 cells (untreated and treated with 2 µM Aβ(1-42) 2 

h) before and after addition of 100 µM ATP (the P2R agonist) are shown in the Figure 28A. These 

results show that treatment with Aβ(1-42) elicits an attenuation of 40 ± 4% of the ATP-induced 

Ca2+ cytosolic influx in HT-22 cells, see also Figure 28B, and the representative fluorescence 

microscopy images oh HT-22 loaded with Fluo3 (Figure 28C).  We also tested the effect of 2 μM 

of scrambled Aβ(1–42) for 2 h in the activity of P2R and we saw no significant difference in Ca2+ 

signaling after addition of 100 µM ATP, compared with untreated cells (control) (Figure 29). 
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Figure 28. A short time incubation with Aβ(1-42) decreases the influx of Ca2+ from the extracellular 

medium through P2R in HT-22 cells. HT-22 cells were incubated with 2 µM Aβ(1-42) for 2 h  at 37 ºC and 

5% CO2. One hour before de end of the incubation with Aβ(1-42), HT-22 were loaded with 5 µM Fluo3 AM 
and 0.025% Pluronic® F-127 for 1 h. Then cells were washed once with MLocke`s K5 buffer and placed at 
the holder (37 ºC) of the fluorescence microscopy for Ca2+ imaging before and after addition of 100 µM 
ATP (P2R agonist). A) Representative kinetic traces of untreated HT-22 cells (control, black trace) and HT-
22 cells incubated with 2 µM Aβ(1-42) for 2 h  (red trace) after addition of  100 µM ATP (indicated by the 
blue arrow).The experiment was performed at 0.3 s exposure time. B) Means of the average fluorescent 
intensity per pixel (ΔF/F0) of HT-22 cells after addition of 100 µM ATP. Aβ(1-42) inhibits about 40 ± 4 % of 
the Ca2+ entry through P2R.  Data are presented as the mean ± s.d. at least in 10 petri plates in 5 
independent assays (n˃80 cells, *p<0.05). C) Representative fluorescence images of untreated HT-22 
(control) and cells treated with 2 µM Aβ (1-42) 2 h, loaded with Fluo3, before and after addition of 100 
µM ATP. Scale bar = 20µm.  
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Figure 29. Scrambled Aβ(1-42) did not alter the resting cytosolic Ca2+ concentration through P2R 
inhibition. HT-22 were incubated with Fluo3 AM (1h) and 2 µM scrambled Aβ(1-42) for 2 h  at 37 ºC and 
5% CO2 and placed at the holder of the fluorescent microscope for Ca2+ imaging, as described in the 
Materials and Methods section. The results presented show not statistically difference in Ca2+ signaling 
after addition of 100 µM ATP (P2R agonist), compared with the control (untreated cells). Data are 
presented as the means of the average fluorescent intensity (ΔF/F0) represented by percentage (%), 
relatively to control cells, of at least 8 petri plates in 4 independent assays (n > 60 cells). N.s. – non 
significant. 

 

 

 

 

 

 

 

 

 

Figure 30. Aβ(1-42) incubation for 30 min did not change the influx of Ca2+ from the extracellular 
medium through P2R in HT-22 cells. Untreated (control) and treated HT-22 cells with 2 µM Aβ(1-42) 0.5 
h  were incubated with Fluo3 AM (1h) and placed at the holder of the fluorescent microscope for Ca2+ 
imaging, as described in Materials and Methods section. The results presented show no statistically 
difference in Ca2+ influx in HT-22 treated with 2 µM Aβ(1-42) for 30 min, compared with untreated cells 
(control), suggesting that Aβ(1-42) needs an extended time of incubation to modulate Ca2+ influx through 
these receptors. Data are presented as the means of the average fluorescent intensity (ΔF/F0) represented 
by percentage (%), relatively to control cells, of at least 8 petri plates in 4 independent assays (n > 60 
cells); n.s. – non significant. 
 

Aiming to evaluate if Aβ(1-42) binds to putative P2R modulatory site in the extracellular 

side of the plasma membrane or needs to be internalized inside HT-22 cells to exert its inhibitory 

effect, we further tested the Ca2+ influx in P2R system after incubation with only 30 min of Aβ(1-

42) (2 µM). The results obtained (Figure 30) indicate that there is not a statistically significant 

difference in Ca2+ influx after addition of 100 µM ATP to the HT-22 extracellular medium 

between HT-22 cells treated during 30 min with 2 µM Aβ(1-42) and untreated cells (control). 
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These findings point out that Aβ(1-42) attenuation of the activity of P2R is not due to direct 

binding to an extracellularly oriented P2R site, because an extended time of incubation with 

Aβ(1-42) is needed to modulate Ca2+ influx through these receptors. 

 

4.2.5.1. The subtype P2X7R contributes to 48% of the total P2R activity and is 

inhibited by Aβ(1-42) 

 

In the last years, several studies have demonstrated altered expression levels and 

function of P2X7R (one of the 7 subtypes of the P2R family)  in mouse models and AD patients, 

suggesting that P2X7R is upregulated in AD pathology93.  Since the P2X7R has been directly linked 

to AD, we have evaluated the contribution of this P2R subtype in Ca2+ signaling in untreated 

(control) and treated cells (with Aβ(1-42)) using two different antagonists of the P2X7R, namely 

BBG94 and compound A804598. 

The BBG dye is well known for its use in staining proteins in gel electrophoresis and as a 

color additive in foods, drugs and cosmetics, yet in the last years BBG has been recognized as a 

potential pharmacological agent 95. In fact, in vivo administration of BBG in a mouse model of 

AD, demonstrated that BBG protected against amyloid-induced neuronal loss96.  Despite the 

intensive use of BBG as P2X7R antagonist, there are several studies reporting that BBG also 

blocks P2X1R, P2X4R, and sodium channels, highlighting the lack of specificity of BBG97. For this 

reason, we have also used a novel and more selective P2X7R antagonist, the compound 

A80459898. The results in Figure 31 show that both treatments: i) 5 µM of BBG incubated for 5 

min in the MLocke`s 5 buffer assay or ii) 200 nM of A804598 incubated previously in HT-22 

cultured medium for 30 min, had similar inhibitory effects in P2R activity, by decreasing the 

extracellular ATP-induced influx of Ca2+ about 57 ± 6% and 48 ± 4%, respectively, comparing with 

untreated cells (control). The decrease of cytosolic Ca2+ concentration is higher with the 

antagonist BBG, suggesting that BBG could be interact with other receptor(s) (P2X1R and/or 

P2X4R), since it is not as selective as A804598. However, the difference between both 

antagonists is not statistically significant. Therefore, these results allow to conclude that P2X7R 

contributes with 48 ± 4%, of the Ca2+ influx across all P2R activity in HT-22 cells. 
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Figure 31. The subtype P2X7R contributes for 48% of all P2R activity in the HT-22 cell culture. 
HT-22 cells were loaded with 5 µM Fluo3 AM and 0.025% Pluronic® F-127 for 1 h and submitted to two 

different P2X7R antagonist treatments as described in the Materials and Methods section: i) 5 µM BBG 

for 5 min in MLocke`s K5 buffer or ii) 200 nM A804598 for 30 min in culture media. The results show that 

both BBG and A804598 antagonists decrease Ca2+ influx after addition of ATP (100 µM) to the extracellular 

medium. As A809045 is more selective than BBG for P2X7R, these results pointed out that the subtype 

P2X7R represents 48% of all P2R activity in HT-22 cells. Data are presented as the means of the average 

fluorescent intensity (ΔF/F0) represented by percentage (%), relatively to control cells, of at least 8 petri 

plates in 4 independent assays (n > 60 cells; *p<0.05; n.s. – non significant). 

 

 

 

 

 

 

 

 

 

 

Figure 32. Aβ(1-42) decreases the influx of cytosolic Ca2+ through inhibition of P2X7R subtype of the P2R 

family.  Untreated (control) and treated HT-22 cells (2 µM Aβ(1-42) 2 h) were loaded with 5 µM Fluo3 AM 

and 0.025% Pluronic® F-127 for 1 h and submitted to two different P2X7R antagonist treatments (BBG 

and A804598) as described in the Materials and Methods section. The results show similar values of Ca2+ 

inhibition (non-significant) between HT-22 treated with Aβ(1-42) and cells treated with the most selective 

antagonist, A804598, and cells treated both with Aβ(1-42) and A804598. Therefore, these results highlight 

that Aβ(1-42) inhibits the flux of Ca2+ through inhibition of  the subtype P2X7R activity of P2R. Data are 

presented as the means of the average fluorescent intensity (ΔF/F0) represented by percentage (%), 

relatively to control cells, of 3 independent assays (n > 50 cells for each condition, p<0.05).  
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The effect of the incubation with Aβ(1-42) plus antagonists in HT-22 cells is represented 

in Figure 32. It can be observed that the decrease of the extracellular ATP-induced Ca2+ influx in 

cells treated with Aβ(1-42) plus the antagonists BBG (57 ± 5%) is higher than in HT-22 cells 

incubated only with Aβ(1-42) (40 ± 4%). Moreover, the inhibition of P2R activity is similar (no 

significant differences) between HT-22 treated with Aβ(1-42) and cells treated with only the 

P2X7R A804598 antagonist and cells treated both with Aβ(1-42) and A804598. These results 

allow us to conclude that Aβ(1-42) is inhibiting the activity of P2R by blockade of the subtype 

P2X7R. However, future studies are needed to further experimentally assess the putative 

contribution of other types of P2R present in this cell line. 

 

4.3. Aβ(1-42) induces a moderate increase in the production of ROS after 2 h and 5 h  

incubation in HT-22 cells 

 

It is widely accepted that oxidative stress plays an important role in AD pathology, but 

there is a large controversy concerning if free radicals are cause or consequence in AD. We 

evaluated the generation of the intracellular ROS production by monitoring H2DCF-DA oxidation 

to the highly fluorescent DCF in HT-22 cells after a short period of incubation with Aβ(1-42).  The 

results of fluorescence intensity in untreated HT-22 (control) and treated cells with 2 µM Aβ(1-

42) for 2 h or 5 h, after 15 min incubation with 10 µM H2DCF-DA are presented in Figure 32. The 

results show a moderate increase in ROS generation in HT-22 cells treated with Aβ(1-42). More 

specifically, there is a 1.3-fold and 1.7-fold increase in ROS production in HT-22 cells treated with 

2 µM Aβ(1-42) for 2 h and 5 h, respectively, compared to untreated cells (control), as can be 

seen in Figure 33 panel A and B. 

As ROS levels are higher in HT-22 cells treated with Aβ(1-42), we then evaluated the 

levels of another markers of cellular oxidative stress, namely, reduced glutathione (GSH) 

content, lipid peroxidation and iron influx in the HT-22 cell after incubation with Aβ(1-42). 

GSH is a major antioxidant in neurons and it is already known that GSH is significantly 

depleted in AD patients compared to healthy old subjects99. We measured GSH levels in 

untreated and treated HT-22 cells with Aβ(1-42) using the compound MCB, since it is quickly 

converted to a fluorescent GSH conjugate (GS-MCB) in culture cells. The results are presented 

in Figure 34 and show the means of fluorescent intensity per pixel (Figure34A) and 

representative HT-22 images (Figure34B) acquired 2 minutes after addition of MCB (10 µM).  

The results reveal that GSH levels were not altered by 2 µM Aβ(1-42) after 2 h  and 5 h  incubation 

in HT-22 cells. 

 



143 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33. Aβ(1-42) induces a moderate increase in ROS production after 2 h  and 5 h  incubation in HT-

22 cells. Untreated HT-22 cells (control) and treated cells (incubated with 2 µM Aβ(1-42) for 2 h  and 5 h 

) were incubated with 10 µM of H2DCF-DA and the extent of H2DCF-DA oxidation to DCF was monitored 

by the increase in fluorescent intensity in HT-22 cells 15 min after addition of 10 μM H2DCF-DA . A) Means 

of the average fluorescence per pixel in HT-22 cells. The results show a 1.3-fold and 1.7-fold increase in 

ROS generation in HT-22 cells treated with 2 µM Aβ(1-42) for 2 h  and 5 h , respectively, compared with 

untreated cells (control) (*p<0.05). B) Representative fluorescence microscopy images of untreated HT-

22 cells and treated cells incubated with 2 µM Aβ(1-42) for 2 h  and 5 h  after addition of 10 μM H2DCF-

DA for 15 min. Scale bar = 20µm. 

 

Lipid peroxidation in AD brain`s has received special attention, because this form of 

oxidative stress has been involved in early AD development and therefore strong efforts have 

been made to discover reliable biomarkers related with lipid peroxidation for early AD 

diagnosis100. We assessed the levels of lipid peroxidation in HT-22 cells treated with 2 µM Aβ(1-

42) for 2 h or 5 h incubation by adding 1 µM of the fluorescent ratio probe C11-BODIPY(581/591)  

in culture media for 30 min (Figure 35). 
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Figure 34. GSH levels are not altered after 2 h and 5 h incubation with 2 µM Aβ(1-42) in HT-22 cells. 

Untreated HT-22 cells and cells treated with 2 µM Aβ(1-42) for 2 h or 5 h were washed once with MLocke`s 

K5 buffer and placed at holder of the fluorescence microscope (37 ºC) for cell imaging before and after 

the addition of 10 µM MCB as described in the Material and Methods section. A) Means of fluorescence 

intensity per pixel of HT-22 cells after 2 min of incubation with MCB (10 µM). B) Representative BF and 

blue fluorescence images (GS-MCB) acquired 2 min after MCB addition of untreated cells HT-22 (control) 

and treated cells with 2 µM Aβ(1-42). The time of exposure was 0.7 s and scale bar inserted = 20 µm. 

Results show no statistically difference in GSH levels between untreated cells (control) and cells treated 

with 2 µM Aβ(1-42) for 2 h and 5 h (n.s.- non significant). 

 

Figure 35 shows the reduced form of C11-BODIPY(581/591) indicated by representative RF 

images of untreated (control) and HT-22 cells treated with Aβ(1-42) and the lack of lipid 

oxidation in HT-22 cells by the absence of GF (the oxidized form), demonstrating that Aβ(1-42) 

do not induce a detectable lipid peroxidation in this experimental conditions used. 
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Figure 35. Aβ(1-42) do not induce alteration in lipid peroxidation in HT-22 cells after a short period of 
incubation. Representative images of untreated (control) and treated cells with 2 µM Aβ(1-42) for 2 h and 
5 h, after incubation with the fluorescent ratio probe C11-BODIPY(581/591) (1 µM for 30 min), acquired with 
an excitation filter of 470 nm, and a dichroic mirror of 580 nm/emission filter of 590 nm (RF) with an 
exposure time of 0.2 s and with a 510 nm dichroic mirror/520 nm emission filter (GF) with an exposure 
time of 1 s. Results show HT-22 images loaded with the reduced form of C11-BODIPY(581/591) (RF) and the 
lack of GF (oxidized form of  C11-BODIPY(581/591), indicating that Aβ(1-42) do not induce lipid peroxidation 
after 2 h and 5 h of incubation. Scale bar = 20 µm. 
 

In the last years several studies have demonstrated that dysregulation of iron 

homeostasis is associated with AD, showing that high concentrations of iron are present in the 

insoluble amyloid plaques and neurofibrillary tangles 101. Therefore, we used the iron influx assay 

by loading HT-22 cells with calcein-AM to evaluate if Aβ(1-42) induces changes in intracellular 

iron concentration after a short period of incubation in HT-22 cells. Figure 36 presents the means 

of fluorescence intensity per pixel (Ft/F0) of untreated HT-22 cells (control, black trace) and cells 

treated with 2 µM Aβ(1-42) for 2 h (red trace) before and after addition of 200 µM FeCl3 plus 

400 µM L-ascorbate to loaded calcein HT-22 cells (Figure 36A) and representative fluorescence 

images of untreated and treated HT-22 loaded with calcein (Figure 36B). The results clearly show 

no differences in the kinetics of calcein quenching between control (untreated cells) and cells 

treated with Aβ(1-42) for 2 h  after addition of Fe3+ and L-ascorbate. Therefore, exposure of HT-

22 cells during 2 h to 2 µM Aβ (1-42) do not stimulate iron uptake by these cells. 
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The results obtained herein indicated that Aβ(1-42) is inducing a moderate production 

of ROS, without affecting the GSH and iron levels and with no induction in lipid peroxidation, 

after a short incubation of time in HT-22 cells.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 36. Aβ(1-42) does not induce alteration in iron concentration in HT-22 cells after 2 h of 

incubation. Untreated (control) and treated HT-22 cells (2 µM Aβ(1-42) incubated for 2 h) were loaded 

with 0.1 µM calcein-AM plus 0.025% Pluronic® F-127 for 30 min and washed once with Ca2+ and EGTA 

free-MLocke`s K5 buffer (medium assay) and placed at the holder of the fluorescence microscope (37 ºC) 

for imaging acquisition as described in Materials and Methods section. A) Means of fluorescence intensity 

per pixel of untreated HT-22 (control, black trace) and HT-22 cells treated with Aβ(1-42) (Red trace) before 

and after addition of FeCl3 and L-ascorbate as pointed by the blue arrow. Results show no significant 

differences in calcein quenching between control and treated cells with Aβ(1-42). B) Representative 

images of HT-22 BF and loaded with calcein (GF images) of untreated (control) and treated with Aβ(1-42). 

Scale bar = 20 µm. 
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5. Discussion 

 
The internalization of Aβ peptides in neurons and the subsequent initiation of the 

neurotoxic cascade of molecular events associated with Ca2+ dysregulation represents early 

pathological features in the progression of AD. In the last years, the study of the mechanism 

associated with the early stages of AD has drawn attention in the medical field as there is an 

urgent need for the discover of reliable biomarkers for the early diagnosis of AD. 

In this work we added micromolar concentrations of Aβ(1-42) oligomers (Aβ(1-42))to 

the extracellular medium of HT-22 cells, to study the effect of internalized submicromolar Aβ 

peptides in the dysregulation of Ca2+ homeostasis after a short time of incubation, without 

significant loss of cell viability up to 5 h  (Figure 10). The results obtained show that extracellular 

addition of 2 µM Aβ(1-42) to HT-22 cells, yielded approximately 62 ± 11 nM and 135 ± 15 nM of 

internalized Aβ(1-42), after 2 h  and 5 h  of incubation, respectively. In the previous chapter of 

this work we showed that mature CGN (cerebellar granule neurons) internalized about 193 ± 21 

nM of Aβ(1-42) only after 2 h  of incubation46, i.e. three times more than HT-22 cells. It is well 

accepted that membrane lipid composition plays a key role in conformational changes of Aβ 

peptides, including stiffness/elasticity and polarity, affecting the neuronal uptake of Aβ 

peptides102,103. Furthermore, increasing evidence suggest that Aβ peptides are internalized in 

neuronal cells through different pathways and also it depends of cell type74,104,105.  It has been 

reported both in cell cultures106,107 and in the Tg2576 mouse model of AD108, that Aβ 

internalization is mediated mainly by clathrin endocytosis. Besides, lipid rafts microdomains play 

an important role in Aβ formation and oligomerization and in Aβ uptake by neurons, as briefly 

summarized in the Introduction section of chapter 2. In previous works of our laboratory, it has 

been shown that mature CGN express high levels of protein lipid rafts markers like caveolin-1, 

flotillin and HRas50. In addition, CGN staining with the fluorescent lipid rafts marker cholera toxin 

B-Alexa 488 (CTB*488) demonstrated that lipid rafts are widely present in the plasma membrane 

of CGN in culture51. However, HT-22 cells were not stained with CTB*488, demonstrating the 

lack of lipid rafts in the mouse hippocampal cell line HT-22 (data not shown). Furthermore, the 

lipid rafts-mediated endocytosis does not require the organization of a complex clathrin coat 

and, therefore, takes place faster than the clathrin-mediated endocytosis109. Thus, the 

differences in the amount of internalized Aβ(1-42) in HT-22 and mature CGN after 2 h  of 

incubation could be explained by the differences in the endocytosis mechanism of Aβ peptides 

uptake. However, future studies are needed to experimentally assess the main mechanisms 

responsible for the uptake of Aβ(1-42) in both CGN and HT-22 in culture.  
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We showed by fluorescence microscopy imaging that after 2 h of incubation, 

internalized Aβ(1-42) is distributed through all the cytoplasm of HT-22 cells, with some focalized 

points near the nuclear region (Figure 12c) and up to 5 h  incubation, Aβ(1-42) presented a 

subcellular distribution mainly near the perinuclear region (Figure 12f and g). These results are 

in agreement with other studies that demonstrated that Aβ40 and/or Aβ42 peptides are 

predominately distributed in the perinuclear region in differentiated PC12 cells and rat primary 

hippocampal neurons (RPH)104 and in the neuroblastoma cell line SH-SY5Y 105-74. The intracellular 

distribution of internalized Aβ(1-42) in HT-22 cells suggest that Aβ(1-42) could be interacting 

with mitochondria, ER and/or lysosomes, as these cytoplasm organelles are main targets for Aβ 

interaction and modulation as earlier described in other studies in cell cultures and mouse 

models 26,72–75. We have focused our investigation in the intracellular binding of internalized 

Aβ(1-42) with mitochondria and ER in HT-22 cells. Our results showed a moderate colocalization 

between Aβ(1-42) and mitochondria and ER by using the fluorescent dies MitoTracker™ Green 

FM (Figure 13) and ER-Tracker™ Green, respectively (Figure 14) after 5 h  incubation in HT-22 

cells. These results suggested that Aβ(1-42) is interacting and possibly modulating mitochondria 

and/or ER. The effect of Aβ(1-42) in the ΔΨm was evaluated with TMRE and the results showed 

no significative differences between untreated (control) and HT-22 cell treated with 2 µM Aβ(1-

42). It is to be recalled that another study performed in HT-22 cells concluded that exogenous 

treatment of Aβ(1-42) induced mitochondrial impairment, but it is important to note that HT-22 

cells were incubated with 5 µM of Aβ(1-42), i.e. 2.5-fold the concentration used in this work, 

and the mitochondrial disfunction (assessed by TMRM, ROS and ATP generation) was evaluated 

6 h after Aβ(1-42) incubation in HT-22 cells. Therefore, we can conclude that up to 5 h incubation 

with 2 µM Aβ(1-42) added to the extracellular medium, internalized Aβ(1-42) is interacting with 

mitochondria as demonstrated by the colocalization with MitoTracker™ Green FM, but is not 

affecting significantly the ΔΨm in HT-22. 

The moderate colocalization showed between internalized Aβ(1-42)*555 and the cell 

permeant ER-Tracker™ Green  in living HT-22 cells and the extensive FRET between 50 and 100 

nM of Aβ(1-42)*555 and the ER, which was evaluated using the highly expressed chaperone PDI 

antibody conjugated with the Alexa 488 fluorescent secondary antibody in fixed HT-22 cells, 

confirmed the high colocalization between Aβ peptide and ER (Figure 17). It has been reported 

that nitric oxide (NO) generated in AD, induce S-nitrosylation of PDI and inhibits its enzymatic 

activity leading to unfolded protein response, which induce ER stress and may cause apoptosis 

of neuronal cells through S-nitrosylation and down-regulation of PDI in AD110. Therefore, PDI has 

been seen as potential target for AD therapy111.  In this work we tested the direct modulation of 

Aβ(1-42) in the activity of PDI through the isomerase assay and results show that up to 200 nM, 
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Aβ(1-42) do not significantly alter the activity of PDI in HT-22 cell lysates, suggesting that Aβ(1-

42) cannot directly modulate the activity of PDI.  

SOCE is a ubiquitous Ca2+ signaling mechanism triggered by Ca2+depletion of the ER 

lumen. The activation of SOCE channels induces the entry of extracellular Ca2+ into the cytosol, 

thereby promoting the refilling of the depleted ER Ca2+ stores as well as the generation of long-

lasting Ca2+  signals 112. The indication that internalized Aβ(1-42) is interacting with ER suggest 

the possibility that SOCE mechanisms could be affected by Aβ(1-42). Our results show that 

incubation of HT-22 cells with 2 µM Aβ(1-42) for 2 h is affecting the biphasic Ca2+ signaling 

mechanism of SOCE, involving both the depletion of Ca2+ stores by the SERCA blocker Tg and the 

Ca2+ influx through plasma membrane after addition of Ca2+ to the extracellular medium (Figure 

20). The decrease in the ER Ca2+ content is pointed out by 37 ± 7% decrease of the Tg-induced 

peak of the fluorescence intensity of Fluo3-loaded HT-22 pre-incubated during 2 h with Aβ(1-

42). In addition, the incubation of HT-22 cells with 2 µM Aβ(1-42) for 2 h also produced a 32 ± 

6% inhibition of the Ca2+ influx through plasma membrane Ca2+ channels activated by depletion 

of intracellular Ca2+ stores. As positive control of SOCE inhibition we used the cell-permeable 

pyrazole BTP2 that act as potent blocker of STIM1 and Ora1-coupled CRAC (Ca2+ release-

activated Ca2+) channel-mediated SOCE. The incubation of HT-22 cells with 3 µM BTP2 for 15 

min showed a significative decrease in the Ca2+ influx (71 ± 8 %) after addition of Ca2+ to the 

extracellular medium (Figure 22), without affecting the amount of Ca2+ released from ER.  These 

results demonstrated that Aβ(1-42) is partially inhibiting  the Ca2+ influx (32 ± 6%)  only after 2 h  

incubation in HT-22 cells. This suggested the possibility that STIM1 is a major target of 

internalized Aβ(1-42) in HT-22 cells. The possibility of the formation of STIM1:Aβ(1–42) 

complexes in HT-22 was experimentally assessed by co-immunoprecipitation assays with the 

anti‐Aβ(1–42) antibody and in the presence of 250 nM Aβ(1–42). The western blotting of anti-

STIM1 (Figure 23) clearly show the presence of STIM1-Aβ complexes in HT-22 cell lysates, 

demonstrating that STIM1 is a target molecule of Aβ(1-42) at concentrations of this Aβ peptide 

close to those reached in HT-22 cells after incubation for 2 h with 2 μM Aβ(1-42) added to the 

extracellular medium. The formation of Aβ(1-42)-STIM1 complexes was also confirmed by the 

measurements of the titration of the fluorescence of GFP-STIM1 with Aβ(1-42)*555, which give 

a kD close to 10 nM of Aβ(1-42)*555 from these complexes (Figure 24). Moreover, the efficiency 

of FRET obtained in these experiments allows to conclude that Aβ(1-42)*555 binds to a site 

located ≈ 6 – 7 nm from the donor dye of the GFP protein attached to the C-terminal amino acid 

of STIM1, which is in the cytosolic side of the ER membrane. This result points out to a site close 

to the CaM binding site in STIM1. Noteworthy, binding of CaM to STIM1 promotes STIM1/Orai1 

disassembly113,114 and there is extensive FRET between internalized Aβ(1-42) and CaM in HT-22 
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cells (Figure 19). Since the dissociation constant of the Aβ(1-42)-CaM complexes is ≈ 1 nM115, a 

value much lower than the concentration of internalized Aβ(1-42) in HT-22 cells after 2 h 

incubation with 2 μM Aβ(1-42) in the extracellular medium, a simple hypothesis is that Aβ(1-

42)-CaM complexes potentiate CaM inhibition upon binding to STIM1. 

Accumulating evidence have shown that SOCE function is diminished in AD, resulting in 

instability of dendric spines and enhanced amyloid genesis116. A large number of studies 

performed in fAD have provided mechanistic insights regarding altered SOCE function in AD116. 

Other studies have shown attenuated Ca2+ entry in skin fibroblasts from fAD patients117,118. 

Furthermore, it has been demonstrated that STIM1 is cleaved by the PS1-secretase, leading to 

the dysregulation of Ca2+ homeostasis in SH-SY5Y and in fibroblasts from familial AD patients119. 

In addition, it was reported that the levels of STIM1 expression in brain tissues of medium frontal 

gyrus is decreased with the progression of neurodegeneration84. 

Besides the inhibition of SOCE-dependent Ca2+ influx through the plasma membrane, 

incubation of HT-22 for 2 h with 2 μM Aβ(1-42) also induced a partial depletion of Ca2+, namely, 

a 37% decrease of the amount of Ca2+ in the ER. This result prompted us to further study the 

modulation of Aβ(1-42) in the activity of ligand-gated Ca2+ channels RyR and the IP3R from ER, 

as SERCA is not inhibited by concentrations of Aβ(1-42) up to 2 μM86. Our results show that 

ryanodine (100 µM), the selective blocker of RyR, increased the ER Ca2+ content about 2.2-fold, 

comparing with control in the absence of ryanodine. This result supports the presence of 

significant activity of RyR in morphologically differentiated HT-22 cells (Figure 25). In addition, 

in HT-22 cells treated with Aβ(1-42) plus ryanodine there is a decrease in the ER Ca2+ content 

(about 20%) after addition of Tg to the extracellular medium. Indeed, in vitro experiments 

showed that application of Aβ caused a large increase in RyR activity due to an approximately 

10-fold increase in the channel open probability120 and stimulates RyR-mediated Ca2+ release in 

hippocampal neurons in culture121. Therefore, our results lend support to the hypothesis that 

intracellular Aβ(1-42) is also partially stimulating the RyR activity in HT-22 cells after incubation 

for 2 h with 2 μM Aβ(1-42). 

The results obtained with XeC, the inhibitor of IP3R activity, showed a similar depletion 

in ER Ca2+
 content in both untreated (control) and HT-22 cells treated with Aβ(1-42) in the 

presence of XeC (Figure 26). Since in the absence of XeC incubation of HT-22 cells for 2 h with 2 

μM Aβ(1-42) led to a 37 ± 7% depletion of the ER Ca2+ content relative to control cells, our results 

point out that internalized Aβ(1-42) is also partially stimulating the activity of IP3R. Our results 

are in good agreement with the results reported by Ferreiro and co-workers with cortical 

neurons, which demonstrated that Aβ(1-40) induced an early increase of intracellular Ca2+  levels 

due to the release of Ca2+ from ER through RyR and IP3R, leading to the consequent perturbation 
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of Ca2+ homeostasis122.  However, we have not observed a significant increase in cytosolic Ca2+ 

concentration neither in Fura2-loaded nor in Fluo3-loaded HT-22 cells up to 5 h incubation with 

2 µM Aβ(1-42) added to the extracellular medium (Figure 27). Indeed, our results also 

demonstrate that the kinetics of the decay of cytosolic Ca2+ concentration after Tg-induced ER 

Ca2+ release is not significantly altered with respect to control cells after incubation of HT-22 

cells for 2 h with 2 μM Aβ(1-42). Therefore, our results strongly support that the activity of the 

main cytosolic Ca2+ extrusion systems can counterbalance the ER Ca2+ release induced by the 

intracellular Aβ(1-42) concentration reached in HT-22 cells. In addition, both the decrease in Ca2+ 

influx through P2R inhibition (the main Ca2 entry system in HT-22 cells) (Figure 28) and through 

plasma membrane Ca2+ channels activated by STIM1 upon depletion of intracellular Ca2+ stores, 

help to maintain the intracellular Ca2+ homeostasis in HT-22 exposed to Aβ(1-42) for a short 

period of time. Of note, HT-22 cells do not express functional AChR36 neither NMDAR23 which in 

many neuronal cells are responsible of neurotransmitter-dependent large influx of Ca2+ from the 

extracellular medium.  

 It has been demonstrated that the subtype P2X7R of the P2R is upregulated in AD 

pathology, suggesting that this receptor can be a potential target for the AD therapy93. Our 

results (Figure 31) demonstrated, through the selective antagonist A804598, that P2X7R 

contributes for approximately 48% of the P2R activity in HT-22 cells. To the best of our 

knowledge this is the first study that show that P2R are the main plasma membrane systems 

responsible for the influx of extracellular Ca2+, in HT-22 cells, where LTCC are present but 

inactive, and that Aβ(1-42) is inhibiting the influx of Ca2+ thought the P2X7R subtype after a short 

incubation of 2 h in HT-22 cells. 

It is well accepted that the oxidative stress is linked to AD in early and late stages of AD 

pathology and several efforts have been made with the aim to define if oxidative stress is a cause 

for the progression of the disease or if it is a consequence of the indirect neurotoxic events.  We 

evaluated the levels of oxidative stress generated in HT-22 cells induced by Aβ(1-42) using 

different experimental assays, aiming to reveal if the changes in Ca2+ in SOCE mechanism and in 

the influx of HT-22 through P2R could be due to indirect modulation mediated by ROS. The 

results obtained in HT-22 culture, suggests only a moderate increase of ROS production after 2 

h and 5 h incubation with 2 µM Aβ(1-42) (Figure 33), without affecting the GSH levels (Figure 

34) and the degree of lipid peroxidation of HT-22 cells (Figure 35). Besides, we did not observed 

alterations in iron uptake between untreated cells (control) and cells treated for 2 h with Aβ(1-

42) (Figure 36). Therefore, we hypothesize that Aβ(1-42) is inducing the generation of H2O2 likely 

through a mechanism that involves the iron and/or copper-bound to this amyloid peptide via 

Fenton-type reactions, a known property of this amyloid peptide123,124. Also, the moderate 
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generation of ROS suggest that Aβ(1-42) is not affecting SOCE mechanism neither P2R influx 

through indirect modulation by ROS-signaling pathways associated with a widespread 

intracellular oxidative stress.  

In summary, we showed that Aβ(1-42) internalizes inside HT-22 cells in submicromolar 

concentration after a short period of incubation and colocalizes mainly in the perinuclear region 

up to 5 h incubation in HT-22 cells, before inducing a significant loss of cell viability. Aβ(1-42) 

showed moderate colocalization with mitochondria without affecting significantly the 

mitochondrial membrane potential and also showed colocalization with the ER.  The modulation 

of ER induced by Aβ(1-42) after 2 h incubation caused a decrease in SOCE mechanism through 

the modulation of STIM1, and the ER ligand-gated calcium-release channels: RyR and IP3R. Other 

novel targets for Aβ(1-42) unveiled in this work are P2X7R. These results suggest that these 

molecular components of SOCE and P2X7R are good candidates to become targets for 

therapeutic interventions in an early stage of the progression of AD.  
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1. Abstract 

 

NPA is a potent neurotoxin that when administrated to rodents, mimics HD motor 

neurological dysfunctions. Several studies have demonstrated that NPA treatment induce brain 

degeneration mediated by inflammatory events. Activated microglia induce a specific type of 

reactive neurotoxic astrocytes, named A1, which have been detected in post-mortem brain 

samples of HD, AD, and PD. Kaempferol is a natural antioxidant found in vegetables and fruits 

and has been showed to have neuroprotective properties against several diseases. In the first 

part of this is work we used an experimental model based on NPA i.p. injection in adult Wistar 

rats at doses that can elicit progressive brain degeneration (daily dose of 25 mg/Kg b. w.), to 

identify early biomarkers of NPA-induced neurodegeneration. Brain samples were collected 

before and after extensive brain damage and monitored using 2,3,5-triphenyltetrazolium 

chloride (TTC) staining, immunostaining with anti-neurogranin and the presence of apoptotic 

cells was evaluated by TUNEL assay. Results indicated that after 24 days of subacute NPA 

treatment (G24 group) there is an extensive neurodegeneration degree, compared with the lack 

of significant neurodegeneration in the rat group treated only for 17 days (G17). Western blots 

of the G17 group showed that i.p. NPA injections elicit significant increased expression levels of 

C3α fragment, a marker of generation of neurotoxic A1 astrocytes. In addition, the pro-

inflammatory cytokines IL-1α and TNFα are also significantly highly expressed within the 

striatum, hippocampus and cerebellum, before the appearance of the HD-related neurological 

dysfunctions and neuronal death induced by NPA. By applying an acute NPA treatment to Wistar 

rats (2 doses/day of 25 mg/Kg b. w.) we evaluated the protective effect of kaempferol (21 mg/Kg 

b. w.) against severe neurodegeneration in our animal model.  Our results showed that 

kaempferol administration prevents against proteolytic activation of complement C3 protein 

and generation of reactive A1 astrocytes NPA-induced in the striatum and hippocampus. Also, it 

blocked the NPA-induced increase of NF-κB expression and enhanced secretion of C1q and 

cytokines (IL-1α and TNFα), which have been linked to the generation of reactive A1 astrocytes. 

In addition, kaempferol administration prevented enhanced production of Aβ peptides in 

striatum and hippocampus, a novel finding in NPA-induced brain degeneration found in this 

work. We concluded that the activation of complement C3 protein in the brain of Wistar rats is 

an early event in NPA-induced brain neurodegeneration and that kaempferol provides a strong 

neurological protection against acute NPA treatment.  
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2. Introduction  

 

NPA is a highly toxic compound that derived from natural sources like leguminous plants 

and fungi1–4. It has been reported that the systemic administration of NPA to rodents and non-

human primates induce neurological impairment that mimic the motor neurological 

dysfunctions of HD. More exactly, systemic NPA administration induce degeneration in the 

dorso-lateral region of the striatum5–10, showing similar severe damage observed in the caudate 

and dorso-lateral putamen of human brains affected by HD11. Furthermore, it has been reported 

preferential degeneration of the medium-sized GABAergic spiny striatal neurons after NPA 

systemic administration, an these alterations are also observed in HD striatum5,7. The main early 

symptoms of HD include executive dysfunction, perceptual deficits, memory loss, visuospatial 

deficits and also difficulty in learning new skills12,13. Systemic NPA administration to rodents is 

also associated with memory impairment14,15 and significant metabolic alterations in the 

striatum, vicinal cortical areas as well in hippocampus15. Additionally, NPA administration to rats 

also elicits significant changes in the cerebellum, which are associated with metabolism and 

neurotransmitters alterations16,17. In fact, recently, it has been reported damage in cerebellar 

cortex with extensive Purkinje cells loss in post-mortem samples of HD patients18. 

Generation of ROS and mitochondrial dysfunction that activate cell death pathways, 

play a major role in NPA neurotoxicity19–21 as well as in HD22. NPA is a suicide inhibitor of 

succinate dehydrogenase causing rapid loss of ATP in neurons in vitro19,23 and consequently 

leads to a sustained rise in cytosolic Ca2+ due to the large consumption of ATP to restore plasma 

membrane potential after repetitive synaptic activity in brain neurons. This fact potentiates 

secretion of excitatory neurotransmitters and, eventually, neuronal death through calpains 

activation. Besides, NPA promotes excitotoxic neuronal death, mediated by the excitatory 

neurotransmitters L-glutamate and dopamine17,24,25, and by calpains activation19,26,27 in both 

cellular and animal models. Additionally, it has been shown that NPA produces indirect 

excitotoxic damage to the striatum28, making it unlikely that NPA-induced selective damage of 

neurons in specific regions of the brain can be solely related with the metabolic rate and density 

of receptors for L-glutamate and dopamine. 

In the brain, activated microglia is the main source of ROS and nitric oxide (NO), which 

consequently can lead to mitochondrial respiratory chain function impairment29.  In a previous 

publication, we showed a large increase of protein nitrotyrosines in parallel with a large 

decrease of reduced glutathione in the striatum of adult Wistar rats’ brain after NPA systemic 

administration10. These results are in good agreement with activation of neuroinflammatory 

microglia by NPA administration reported by others studies30–32 and strongly suggests that 



169 
 

inflammation mediates NPA-induced brain degeneration. Remarkably, non-invasive imaging of 

the brain of HD patients, revealed significant microglial activation in the striatum and cortical 

areas33. In fact, it has been suggested that pro-inflammatory cytokines stimulate the 

development of neurodegenerative diseases like HD, AD, and PD, where it is reported a 

progressive and slow damage of different cerebral cortical areas such as striatum, substantia 

nigra and hippocampus34. Pro-inflammatory cytokines may exacerbate oxidative stress-induced 

cell death through the increase of ROS and NO generation and stimulation of L-glutamate 

release to the extracellular space35. Moreover, during brain degeneration, the release of 

endogenous cell molecules (Damage Associated Molecular Patterns or DAMPs) can potentiate 

further microglial activation, creating a positive feedback loop in brain areas undergoing a more 

extensive degeneration, like the striatum and vicinal somatomotor cortex36. 

However, it remains unclear what are the molecular mechanisms through which brain 

inflammation can selectively produce cell death in specific neuronal structures. It has been 

observed the loss of astrocytes and also astrogliosis, in the brain striatum in rats treated with 

NPA28,31,32,37. More recently, it was demonstrated that the activation of neuroinflammatory 

microglia induce the production of a specific type of reactive neurotoxic astrocytes, namely A1, 

via the secretion of complement component 1q (C1q) and secretion of specific pro-inflammatory 

cytokines like interleukin-1 alpha (IL-1α) and tumor necrosis factor alpha (TNFα). Also, it has 

been found an increase in reactive A1 astrocytes generation in post-mortem tissue of HD 

patients38. Furthermore, it has been reported that complement component 3 (C3) gene is highly 

upregulated in A1 astrocytes, but not in ischemic reactive astrocytes (A2)38, suggesting that the 

increased expression of C3 could be used as a reactive A1 astrocyte marker in 

neurodegenerative disorders. 

 Recently, it has been shown that rat astrocytes are more sensitive than microglia to 2-

choloroethanol, an intermediate metabolite in subacute poisoning with 1,2-dichloroethane, and 

that reactive astrocytes induced by 2-chloroethanol poisoning can stimulate microglia 

polarization39. Therefore, reactive astrocytes induced by some chemical insults can also lead to 

microglia activation. In addition, reactive astrocytes can produce neurotoxic Aβ peptides40–42, 

and this possibility deserved to be studied in NPA-induced brain neurodegeneration because, it 

has been recently shown that this neurodegenerative process is also linked to tangle-

pathologies linked to dementia43. 

Many natural compounds, like flavonoids are well-known inhibitors of pro-inflammatory 

cytokines, iNOS, as well as COX-2 gene expression in the brain through inhibition of NF-κB 

activation44. Therefore, it could be expected that flavonoids provide protection against brain 

neurodegeneration induced by systemic NPA-administration. Kaempferol is a natural compound 
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with antioxidant properties that belongs to the flavonols group of flavonoids and is found in 

vegetables and fruits. In a previous work of the lab, we reported that kaempferol protected 

against brain neurodegeneration of the striatum and motor neurological dysfunctions induced 

by NPA by means of preventing the decrease of reduced glutathione, the increase of protein 

nitrotyrosines and the inhibition of creatine kinase activity10. In addition, we also showed that 

intravenous administration of kaempferol attenuates brain damage induced by ischemia-

reperfusion in a rat model of transient focal ischemia caused by occlusion of the middle cerebral 

artery45. Our findings alongside with other publications regarding the protective effect of 

kaempferol in several diseases46 and the low toxicity of kaempferol in humans, suggest that this 

natural compound can be potentially used as protective therapeutic agent against brain damage 

induced by insults and/or neurodegenerative diseases.  In agreement, Ginkgo biloba extract 

EGb761, whose major component is kaempferol, showed neuroprotective properties in brain 

ischemia models47. Also, the administration of the flavonol quercetin, has demonstrated to have 

beneficial effects to improve behavioral deficiencies and restore astrocytes and microglia in the 

NPA-induced rat model of HD31.  

On these grounds, the main goals of this work were: 1) to setup an experimental 

protocol of daily i.p. injections of the neurotoxin NPA in adult Wistar rats that elicits a slow 

progressive brain neurodegeneration which allows to identify early biomarkers; 2) to test the 

hypothesis that kaempferol protects against NPA degeneration in brain regions with severe 

dysfunction induced by an acute NPA treatment. Our results demonstrate that NPA treatment 

induces the generation of reactive A1 astrocytes and increases the expression of activated C3 

fragment alongside with an increase in pro-inflammatory cytokines generation and C1q, which 

is efficiently prevented by administration of kaempferol in rats with acute NPA treatment. In 

addition, kaempferol also protected against the Aβ peptides overproduction found in NPA-

induced brain degeneration. All together these findings suggest that kaempferol could be used 

as therapeutic agent against the progression of neurodegenerative diseases linked to the 

generation of neurotoxic reactive A1 astrocytes, neuroinflammation and Aβ production in the 

brain.  

 

3. Methods and Methods 

 

3.1 Chemicals  

 

NPA (>97% by HPLC) and kaempferol (˃96% by HPLC) were purchased by Sigma (St. 

Louis, MO, USA). Glycerol and paraformaldehyde were purchased from Panreac (Barcelona, 
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Spain). Ketamine was from Pfizer, Madrid, Spain, while diazepam and atropine were obtained 

from B. Braun (Rubí-Barcelona Spain).  

Primary antibodies: rabbit monoclonal anti-C3 (ab200999, dilution 1:2000) and rabbit 

polyclonal anti-TNFα (ab6671, dilution 1:1000) were purchased from Abcam (Cambridge, UK). 

Mouse monoclonal anti-IL-1α (sc-9983, dilution 1:500) was from Santa Cruz Biotechnology 

(Santa Cruz, CA, USA). Anti-NF-κB-p65 polyclonal antibody (10745-1-AP produced in rabbit, 

dilution 1:1000) was from Proteintech (Manchester, UK). Anti-Aβ antibody (A8354, mouse 

monoclonal, at 2 μg/mL), secondary anti-rabbit IgG-Horseradish peroxidase (A0545), anti-mouse 

IgG-Horseradish peroxidase (A0944) mouse anti-β-actin (A1978, dilution 1:5000) or rabbit 

polyclonal anti-β-actin (A5060, dilution 1:750) were purchased from Sigma-Aldrich (Madrid, 

Spain).  

All other products were purchased from Sigma-Aldrich or Merck (Darmstadt, Germany), 

unless specified otherwise. 

 

3.2 Animals and treatments  

 

As animal model we used male Wistar rats with 9–10 weeks old and weighing 290–340 

g. They were kept in a 12 h light/dark cycle and allowed free access to food and water. The 

experimental procedures followed the animal care guidelines of the European Union Council 

Directive 86/609/EEC and the protocols were approved by the Ethics Committee for Animal 

Research of the local government.  

 

3.2.1 Subacute NPA treatment 

 

NPA was administered by i.p. injection of a 25 mg/mL solution in normal saline (0.9% 

w/v NaCl) and the pH was adjusted to 7.4 with NaOH (5 M), and filtered through a 0.2 μm filter. 

Rats’ treatments were as follow: 25 mg of NPA/kg b. w. was administered every 24 h for 6, 17, 

and 24 days, and are referred in the text as rats from G6 (n = 7), G17 (n = 7), and G24 (n = 7) 

groups. Of note, the total number of rats used for the G24 group was 10, because three rats died 

after developing severe pathological symptoms, an interindividual variability that we observed 

when adult Wistar rats were treated with doses of 25 mg NPA/kg b. w. every 12 h10. Rats from 

control groups (n = 6) received 0.4 mL saline solution (NPA vehicle), with the same treatment 

schedule given in the experimental groups. The animals were evaluated for motor impairment 

during all the time course of the experiment. They were observed daily, just before the injection, 
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and rated with a quantitative scale according to their motor deficiencies10,48. This rating scale 

measures gait abnormalities, hind limbs dystonia, grasping ability, balance, and recumbency. 

 

3.2.2 Acute NPA treatment and protection by kaempferol 

 

Wistar rats were divided into three experimental groups: KNPA (kaempferol plus NPA), 

NPA and Control. The KNPA group (n = 6) received a first injection of kaempferol solution, at a 

dose of 21 mg/kg b. w., 48 h before initiation of NPA-treatment. From day 0 to 5 of treatment, 

a dose of 25 mg of NPA/kg b. w. was administered every 12 h. Daily, 30 min before the morning 

NPA injection, another dose of kaempferol was injected to the rats. Rats from NPA-group (n = 6) 

were treated with 25 mg NPA/kg b. w. every 12 h during 5 days and, instead of kaempferol, 

received 1-mL injections with 2.4 % v/v DMSO in saline 48 h before NPA-treatment and every 

day 30 min prior to the morning NPA injection. Control-group (n = 6) received 1 mL 2.4% v/v 

DMSO in saline (kaempferol vehicle) and 0.4 mL saline solution (NPA vehicle), with the same 

time schedule of treatment groups. Rats in the NPA-group with severe pathological symptoms 

(motor deficit ≥ 6 or weight loss ≥ 15%) were sacrificed at the end of day 4. The rats from the 

KNPA-group, as well as control-group, were treated until day 5 and sacrificed at this time. At the 

end of treatments, the animals were anesthetized with ketamine (50 μg/g), diazepam (2.5 μg/g) 

and atropine (0.05 μg/g). The brains were immediately removed from the skull and washed in 

cold phosphate-buffered saline (PBS) pH 7.4, and then cut with a tissue slicer. All the 

immunohistochemistry and Western blots shown in this work have been performed with brain 

slices vicinal to those used for TTC staining and without signs of micro vessel’s hemorrhage. 

 

3.3 Preparation of rat brain slices and TTC Staining 

 

We followed the protocol described early in previous works of our lab10,49. Briefly, 

sections (1.5 mm thick coronal slice) corresponding to the three regions analyzed (striatum, 

hippocampus and cerebellum) were immersed in a 2% solution of TTC in PBS for 15 min at 37°C, 

and observed under a Leica MZ APO stereomicroscope. 

 

3.4 Immunostaining with anti-neurogranin  

 

For this propose we used brain sections of striatum of G17 and G24 group. Briefly brain 

sections were immersed in 4% paraformaldehyde in PBS, dehydrated in a graded series of ethyl 

alcohol, cleared in xylene, and embedded in paraffin wax, using standard techniques. 
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Afterwards, tissue blocks were cut in coronal sections (7 µm thick) with a microtome Leica 

RM2125RT. Slices were hydrated and subjected to immunohistochemistry as followed. Briefly, 

brain tissue sections were blocked with 1% bovine serum albumin (BSA) in PBS for 0.5 h and 

then incubated with 5% normal goat serum in 1% BSA and 0.1% 4‐(1,1,3,3‐tetramethyl 

butyl)phenyl‐poly‐ethylene glycol (Triton X-100) for 2 h. Thereafter, slides were blocked with 

endogenous avidin/biotin blocking kit (Abcam ab 64212) and incubated overnight at 4°C in 

humidified box, with the primary antibody rabbit anti-neurogranin (Chemicon AB5620) at a 

dilution of 1:500. After extensive washing in PBS, endogenous peroxidase activity was quenched 

with 0.5% H2O2, again blocked, and incubated with the secondary antibody, a biotinylated goat 

anti-rabbit immunoglobulin G supplied by Vectastain ABC Kit, Vector Laboratories (PK-6101), for 

3 h at room temperature. After rinsing in PBS, the sections were incubated with avidin-

biotinylated horseradish peroxidase complex (Vectastain ABC Kit) for 30 min at room 

temperature. Chromogen development was performed with peroxidase substrate solution 

(Vector VIP substrate, SK-4600). Slides were washed in distilled water, dehydrated, and mounted 

in Eukit. 

 

3.5 Terminal deoxynucleotidyl transferase-mediated deoxyuridine triphosphate nick-end 

labelling (TUNEL) 

 

Tissue sections were treated as previously described50 with an in-situ cell death 

detection kit, POD (Roche). Apoptotic cells were observed under microscopy using a Vector VIP 

substrate kit (peroxidase detection; Vector Laboratories). 

 

3.6 Brain samples homogenization and Western blotting 

 

Selected dissected brain sections of striatum, hippocampus and cerebellum were 

weighed, frozen in liquid nitrogen and kept at −80 °C until use. Brain sections were homogenized 

within an ice-cold recipient with a glass homogenizer followed by sonication (30–40 pulses of 1 

s) in lysis buffer 25 mM tris-(hydroxymethyl) aminomethane hydrochloride (Tris-HCl) at pH 7.4 

[150 mM NaCl, 5 mM ethylenediaminetetraacetic acid (EDTA), 50 mM NaF, 5 mM NaVO3, and 

0.25% Triton X-100, supplemented with the protease inhibitor cocktail SIGMAFASTTM]. 

Homogenates were centrifuged at 500 g for 10 min at 4 °C to pellet tissue debris and the 

supernatant was carefully removed and supplemented with 40% glycerol. Protein concentration 

was determined using Bradford’s method using BSA as standard and samples were conserved at 

−80 °C until use. 
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Wester blotting was carried out as described in the Chapter 2 of this thesis and in 

another recent works of the lab49,51. The primary antibodies used were rabbit monoclonal anti-

C3, mouse monoclonal anti-IL-1α, rabbit polyclonal anti-TNFα, anti-NF-κB-p65 polyclonal 

antibody and anti-Aβ antibody. The secondary anti-rabbit or anti-mouse IgG-Horseradish 

peroxidase and anti-β-actin used in this work are described in the Chemicals section. 

 

3.7 Statistical analysis 

 

Results of Western blots are expressed as mean ± standard error (s.e.). Statistical 

analysis was carried out by Mann–Whitney non-parametric test. Significant difference was 

accepted at the p < 0.05 level and all the results were confirmed with triplicate experiments. 

 

4. Results 

 

4.1 The increase of activated complement C3 protein, a reactive A1 Astrocyte marker, 

precedes significant NPA-induced brain degeneration 

 

In the first part of the work, we planned an experimental NPA-treatment aiming to 

induce progressive brain degeneration, before facing strong neurological defects and neuronal 

death, to identify early biomarkers.  On these grounds, we administered to adult Wistar rats, by 

i.p. injection, 25 mg of NPA/kg b. w. every 24 h for 6, 17, and 24 days, referred in the text as rats 

from G6, G17 and G24 groups as mentioned in Materials and Methods section and then 

evaluated the progression of the neurodegeneration. 

Rats in the G24 group showed neurological defects based on increased dystonic 

movements of hind limbs and an abnormal gait, characterized by a wobbly gait and padding, 

which are characteristics of a HD experimental model, as we previously described in a previous 

work10. Additionally, staining of rat brain slices with TTC clearly showed damage of 

the striatum, as can be seen in Figure 1. Moreover, it can be observed neuronal loss, through 

neurogranin immunostaining and the apoptotic cells observed with TUNEL assay reveals 

neuronal damage associated with the pathological events early described (Figure 1). 

It is important to highlight that Wistar rats treated with a daily dose of NPA for 17 days 

(G17) did not show significant sensorial or motor neurological dysfunctions; nevertheless, after 

17 doses some rats developed a hypoactive behavior but kept a normal posture and gait. In fact, 

G17 rat brain sections staining with TTC showed no differences comparing with untreated 

control rats (Figure 2). The absence of TTC stained areas in the striatum, hippocampus 
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and cerebellum of rats treated i.p. with one daily dose of 25 mg NPA/kg b. w., for 17 days, 

suggest that this treatment did not produce observable degeneration of these brain areas, which 

is supported by the neuronal soma labeling with neurogranin and the absence of apoptotic cells 

evaluated by the TUNEL assay in the striatum as can be seen in Figure 1. Based on these results, 

we selected the G17 group for experimental evaluation of brain biomarkers at early stages of 

the neurotoxic process induced by NPA treatment.  

 

 
 
Figure 1. Rats of the G24 group show degeneration of the brain striatum (*) with respect to rats of the 
G17 group. Representative coronal sections stained with TTC, neurogranin and TUNEL assay. Treatment 
with one daily i.p. injection of 25 mg NPA/kg b. w. for 24 days (G24 group) shows an initial unstained area 
of the striatum after TTC staining with respect to rats of the G17 group. Yellow square mark indicates the 
selected TTC unstained area for neurogranin and TUNEL staining. Neurogranin immunolabeling reveals a 
loss of neuronal somas in the striatum of rats of the G24 group with respect to rats of the G17 group. 
TUNEL staining shows neuronal cell death in the striatum (*) of rats of the G24 group. White scale bars: 2 
mm, yellow scale bars: 25 µm. 
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Figure 2. Representative fresh brain 1.5 mm thick coronal slices illustrating the striatum, hippocampus 
and cerebellum (respectively marked with white asterisk) stained with TTC. Treatment with one daily 
i.p. injection of 25 mg NPA/kg b. w., for 17 days (G17 group) show no differences with TTC staining 
comparing with untreated control rats. Scale bars: 2 mm. 

 

The representative Western blot in Figure 3A shows that the levels of the proteolytic 

fragment C3α are increased in striatum, hippocampus and cerebellum in the NPA-treatment G17 

group more than 2-fold regarding to control untreated rats, namely 2.33 ± 0.17, 3.7 ± 0.25 and 

2.2 ± 0.15-fold, respectively (Figure 3C). Particularly, it has been shown that reactive A1 

astrocytes are also produced upon neuronal axotomy38, which can account for the low levels of 

C3α observed in these brain regions in control untreated rats. This result indicates that the 

generation of A1 astrocytes induced by NPA treatment for 17 days (G17) can be observed before 

significant brain damage (detected through TTC, neurogranin and TUNEL staining) and precedes 

NPA-induced neurological dysfunctions. In addition, Figure 3B and C highlight that Wistar rats 

treated with a daily dose of 25 mg NPA/kg b. w. for only 6 days (G6) show statistically significant 

increase in C3α levels in hippocampus and cerebellum (but not striatum), compared with the 

untreated control group, with an increase of 2.5 ± 0.2 and 2.4 ± 0.2-fold, respectively. This result 

pointed out an early generation of reactive A1 astrocytes in hippocampus and cerebellum 

regions. 

In addition, immunohistochemistry performed in rat brain sections, demonstrated an 

increase in reactive A1 astrocytes, expressing C3α and increased expression of the astrocytic 

marker glial fibrillary acidic protein (GFAP) in specific regions of striatum, hippocampus and 

cerebellum, in NPA treated rats in the experimental G17 group (data not shown here, but 

included in the attached published article49). 
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Figure 3. Western blots of C3α fragment in G17 and G6 rat groups. Wistar Rats treated i.p. with one daily 

dose of 25 mg NPA/kg b. w., for 17 days (G17 group) show a large increase of the C3α proteolytic fragment 

in the striatum, hippocampus and cerebellum with respect to rats of the untreated control group, while 

the C3α proteolytic fragment only significantly increases in the hippocampus and cerebellum in the rats 

of the G6 group (daily i.p. dose of 25 mg NPA/kg b. w. for 6 days). Representative Western blots of C3 and 

β-actin of striatum (St), hippocampus (H), and cerebellum (C) homogenates of rats of control (Co) and G17 

group (NPA rats) (A) and of control (Co) and G6 group (NPA rats) (B). After acquisition of images of the 

Western blot with anti-C3, the PVDF membrane was stripped and processed for the Western blot of anti-

β-actin, as indicated in Materials and Methods section. The molecular weights of the protein markers 

(MWM) closer to the target proteins (C3α proteolytic fragment and β-actin) are indicated on the left-hand 

side. (C) Plot of the ratio of (C3α/β-actin) in striatum, hippocampus and cerebellum homogenates of rats 

of G17 (black bars) and G6 (gray bars) groups relative to control rats. The results shown are the average ± 

s.e. of triplicate experiments. (*) p < 0.05 with respect to control rats; ns, statistically non-significant 

difference with respect to control rats. 
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4.2 The increase of pro-inflammatory cytokines IL-1α and TNFα also precedes significant NPA-

induced brain degeneration 

 

Recently, it has been reported that cytokines IL-1α and TNFα are specifically expressed 

in activated microglia induced by different brain injuries inducing reactive A1 astrocyte38,52,53. 

Therefore, we measured the expression levels of these pro-inflammatory cytokines in 

the striatum, hippocampus and cerebellum of rats treated i.p. with one daily dose of 25 mg 

NPA/kg b.w. for 17 days (G17), using Western blotting technique. As can be seen in Figure 4A 

and B, both IL-1α and TNFα expression levels are increased in all brain areas, compared with 

untreated control group (Co). The quantitative analysis showed a similar increase of ≈ 50% of IL-

1α levels in all brain areas whereas the increase of TNFα was higher in the striatum (160%) than 

in the hippocampus (80%) and cerebellum (70%). 

In addition to Western blots, the immunohistochemical analysis in rat brains of the 

regions of interest (striatum, hippocampus and cerebellum) showed an increase in IL-1α and 

TNFα expression in NPA treatment group (G17), comparing with untreated control group as can 

been seen in our published work (data not shown, but included in the attached published 

article49). Moreover, other studies reported that activated microglia in HD, is associated with an 

increase in C1q biosynthesis, which correlates with the increase in the activation of C338,54,55. We 

demonstrated a similar increase in C1q distribution in the three regions under analysis (data not 

shown, but included in the attached published article49). In general, the pattern of increased 

expression of cytokines (IL-1α, TNFα) and C1q in striatum, hippocampus and cerebellum 

correlated with the regionalization of C3 positive reactive A1 astrocytes49. 
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Figure 4. Rats of the G17 group show a significant increase of IL-1α and TNFα in the striatum, 
hippocampus and cerebellum with respect to rats of the control group. Representative Western blots of 
IL-1α and β-actin (A) and of TNFα and β-actin (B) of striatum (St), hippocampus (H), and cerebellum (C) 
homogenates of rats of control (Co) and G17 group (NPA treated rats). After acquisition of images of the 
Western blot with anti-IL-1α and anti-TNFα, PVDF membranes were stripped and processed for the 
Western blot of anti-β-actin, as indicated in Materials and Methods section of this chapter. The estimated 
molecular weights of the target proteins IL-1α, TNFα, and β-actin are indicated on the right-hand side, 
and on the left-hand side the molecular weights of the protein markers (MWM) closer to the target 
protein are included. Plots of the ratios of (IL-1α/β-actin) and (TNFα/ β-actin) in striatum, hippocampus, 
and cerebellum homogenates of rats of G17 group relative to untreated control rats are also inserted, 
respectively. The results shown are the average ± s.e. of triplicate experiments. (*) p < 0.05 with respect 
to control rats. 
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4.3 Kaempferol prevents the increase of complement C3 protein expression and activation, a 

reactive A1 astrocyte marker in NPA-induced brain damage 

 

In order to evaluate the protective effect of the natural compound kaempferol against 

an advanced stage of brain neurodegeneration induced by NPA treatment, we followed the 

protocol early described10 to promote acute brain neurodegeneration in Wistar rats. Of note, 

systemic administration of NPA at a dose of 25 mg/kg b. w. every 12 h caused marked behavioral 

alterations in the rats, as reported in a previous work10. After the first and second NPA injections, 

the animals showed reduced reactive activity during handlings with respect to control animals, 

although maintained a normal posture and gait. Through days 2 and 3, the animals showed 

dystonic movements of hind limbs and wobbling gait and paddling. On the 4th day, the animals 

lost grasping ability and balance capacity. By day 4-5, the rats became recumbent, with a 

progressive limbs paralysis and moribund appearance.  

The protection afforded by kaempferol was investigated in two main regions of the 

brain: striatum and hippocampus. Brain samples were taken from brain slices adjacent to those 

that display brain damage in TTC-stained slices as can be seen in Supplementary Figure S.1, and 

homogenized as indicated in the Materials and Methods section. 

 The representative Western blot showed in Figure 5 clearly demonstrated increased 

levels of C3α in striatum and hippocampus in rats of the NPA group with respect to control group 

(CT), namely 4.4 ± 0.4 and 5.9 ± 0.5-fold, respectively. This result is in good agreement with the 

results obtained early in this chapter where rats submitted with only one daily dose of NPA 

treatment for 17 days also showed increased expression in C3α (Figure 3). Additionally, the 

Western blot also revealed an enhanced proteolytic processing of C3α in the NPA-group with 

lower molecular weight fragments, i.e. C3 protein activation. The increase is much higher if is 

calculated from the sum of the C3α and all C3α fragments detected by the anti-C3 antibody used 

in this work. Figure 5 also shows that the increase of C3α was statistically non-significant (p > 

0.05) in the striatum and hippocampus of rats treated with kaempferol and NPA (KNPA-group). 

Therefore, all these results pointed out an increased generation of reactive A1 astrocytes in the 

brain areas that have been shown in many studies to be more prone to NPA-induced 

degeneration (striatum and hippocampus) and highlight the protection of kaempferol against 

the generation of C3α in acute NPA-induced treatment. Noteworthy, no significant increase of 

C3α and all C3α fragments were observed in brain stem of rats of the NPA-group comparing with 

rats of the control-group (data not shown). 
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Figure 5 Kaempferol i.p. administration protects against the increase of C3α and C3α proteolytic 
fragments induced by i.p. administration of NPA in the striatum and hippocampus with respect to rats 
of the control-group. (A) Representative Western blot of C3 protein and β-actin of striatum and 
hippocampus homogenates of rats of control-group (CT), NPA-group (NPA) and kaempferol plus NPA, 
KNPA-group (KNPA). (B) After acquisition of images of the Western blot with anti-C3 antibody, the PVDF 
membrane was stripped as described in Materials and Methods section and processed for the Western 
blot of anti-β-actin. The molecular weights of the protein markers (MWM) are indicated on the right-hand 
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side. (C) Plot of the ratio of (C3α/β-actin) in striatum and hippocampus homogenates of rats of CT-, NPA- 
and KNPA-groups. The results shown are the average ± s.e. of Western blots of n = 6 homogenate samples 
of each group of rats. (*) p<0.05 with respect to Control rats. 
 

Using immunohistochemical analysis, we confirmed the increased expression of the 

complement C3 protein in regionalized brain areas of striatum and hippocampus as well as the 

presence of reactive A1 astrocytes in rats of NPA-group (data not shown, but included in the 

attached manuscript submitted for publication). In addition, immunohistochemistry of the brain 

slices showed that kaempferol treatment fully prevented the increase of C3 induced by the 

treatment with NPA, because immunostaining pattern was almost identical to that of the 

control-group (data not shown, but included in the attached manuscript submitted for 

publication). 

 

4.4. Kaempferol prevents the increase of pro-inflammatory cytokines (IL-1α and TNFα) and 

complement C1q in the striatum and hippocampus of NPA-treated rats 

 

As showed earlier in this chapter, daily i.p. administration of NPA to Wistar rats in a 

single dose (25 mg/kg b. w.) for 17 days induced an increase in the levels of pro-inflammatory 

cytokines IL-1α and TNFα (Figure 4) and an increment in C1q levels demonstrated by 

immunostaining of brain slices (data not shown, but included in the published article49). These 

cytokines and C1q have been shown to trigger the generation of A1 astrocytes38.  

After acute NPA treatment (two doses of 25 mg/kg b. w. /day) for five days we analyzed 

the brain slices of the regions of interest (striatum and hippocampus) by immunohistochemistry 

with specific antibodies. The Figure 6A show an increase in IL-1α, TNFα and C1q in striatum brain 

slices of rats of the NPA-group with respect to control-group, highlighted by the frames with 

higher magnification in this figure. The small apparent particle size of the cells heavily stained 

with TNFα is consistent with the known nuclear translocation of this cytokine. In addition, the 

striatum brain slices from KNPA-group present a similar pattern of immunostaining with the 

cytokines and complement C1q comparing with control-group (Figure 6A). Results obtained with 

hippocampus brain-slices show also an increase in the expression of these cytokines and 

complement C1q in NPA-group, regarding the Control-group as can be seen in Figure 6B, which 

was fully prevented by co-administration of kaempferol (KNPA-group) at the dose that prevent 

C3α activation. Moreover, the representative images showed in Figure 6B pointed out that NPA 

treatment induced a large increase of these cytokines in the Ammon’s horn CA1 and CA3 

regions, by strongly staining the soma of pyramidal neurons. This is not observed in the 
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hippocampus slices of KNPA-group, whose immunostaining pattern is not significantly different 

from those of rats of the control-group. 
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Figure 6. Kaempferol prevents an increase in pro-inflammatory cytokines (IL-1α and TNFα) and 
complement C1q in the striatum (A) and in the hippocampus (B) of NPA-treated rats. Representative 
coronal sections of striatum (A) and hippocampus (B) after immunohistochemistry with anti-IL-1α, anti-
TNFα and anti-C1q antibodies corresponding to control-, NPA- and KNPA-groups. In NPA-group note the 
cellular somas stained in the area surrounding the core (sc) in the striatum (A), and in CA1 and in CA3 
(Ammon´s horn) fields in the hippocampus (B). Brain sections of rats treated with kaempferol (KNPA-
group) show a low immunoreactivity, similar to the control-group. No staining in the cellular soma is 
observed in Control- and KNPA-groups. As a significant characteristic of anti-IL-1α and anti-C1q antibodies, 
small blood vessels are marked in the three groups (yellow arrows). Abbreviations used in this Figure: AL, 
alveus; cc, corpus callosum; lc, lesion core area; lu, stratum lucidum; o, stratum oriens; p, pyramidal layer; 
ra, stratum radiatum. Yellow scale bars: 100 μm. Purple scale bars: 50 μm. Green scale bars: 10 μm. 

 

4.5 Kaempferol prevents the NPA-induced increase of NF-κB expression in the striatum and 

hippocampus 

 

It has been shown that the NF-kB pathway is activated in NPA-induced brain 

neurodegeneration30–32 which is a molecular mechanism underlying the increased expression of 

many cytokines44. Therefore, next we evaluated if the co-administration of kaempferol with 

NPA, could prevent the NPA-induced increase of NF-κB expression. The representative Western 

blot (Figure 7) showed increased levels of NF-κB in rats of NPA-group with respect to control-
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group in striatum and hippocampus. This increase is fully prevented by co-administration of 

kaempferol at the same dose that prevented the C3α activation and gliosis. These results were 

confirmed using double immunohistochemistry of anti-NF-kB and anti-GFAP of coronal slices of 

the regions of interest (data not shown, but included in the manuscript submitted for publication 

attached in this thesis). Of note, it has been found high basal constitutive NF-kB activity in 

glutamatergic neurons of the CNS, such as the hippocampus granule cells and CA1 and CA2 

pyramidal neurons56,57, which can explain the high levels of NF-kB expression in the control-

group of the hippocampus that can be seen in the Western blot of Figure 7. 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Co-administration of kaempferol and NPA, prevents the increase of NF-κB activity induced by 
NPA treatment. (A) Representative Western blot of NF-κB and β-actin of striatum and hippocampus 

250 

70 

100 

55 

NF-kB 

β-actin 

65 kDa 

42 kDa 

CT NPA KNPA

E 

CT NPA

7H 

KNPA 

Striatum Hippocampus 
MWM 

kDa 

(A)  Anti-NF-kB p65 

(B)  Anti-β-Actin 

(C) Plot ratio: NF-kB/β-actin 

Striatum Hippocampus

0.0

0.5

1.0

1.5

2.0

N
F

-κ
B

/
-a

ct
in

CT

NPA

KNPA
* 

* 



186 
 

homogenates of rats of control-group (CT), NPA-group (NPA) and KNPA-group (KNPA). (B) After 
acquisition of images of the Western blot with anti-NF-κB-p65 antibody, the PVDF membrane was stripped 
and processed for the Western blot of anti-β-actin, as indicated in the Materials and Methods section. 
The MWM are indicated on the righ-hand side. (C) Plot of the ratio of (NF-κB /β-actin) in striatum and 
hippocampus homogenates of rats of CT-, NPA- and KNPA-groups. The results shown are the average ± 
s.e. of Western blots of n = 6 homogenate samples of each group of rats. (*) p<0.05 with respect to Control 
rats.  
 

4.6 Kaempferol protects against the increase of Aβ peptides production in the hippocampus 

and striatum of NPA-treated rats 

 

 Recently, it has been reported that NPA induces tau pathology in tangle-mouse model 

and in wild type mice 43. The generation of neurofibrillary tangles of tau and Aβ peptides are 

major hallmarks of AD and also it has been reported the production of reactive A1 astrocytes in 

this neurodegenerative disease38. Therefore, it became important to investigate if the activation 

of astroglia leads to an increased generation of Aβ peptides in the brain regions of interest 

during NPA-induced neurodegeneration. The representative Western blot in Figure 8 show an 

enhanced Aβ expression in rats treated with NPA, which was clearly reverted by the co-

administration of kaempferol (KNPA-group) at the dose that prevent C3α. Of note, Figure 8 also 

shows the analysis of the ratio C99-cleavage fragment of APP/β-actin (a band at ≈ 50-55 kDa 

that is expected to appear with the anti-Aβ antibody used in this work, as reported in its 

technical data sheet) but a similar trend is observed in the protein bands corresponding to 

smaller size Aβ peptides (between 35 and 50 kDa) and peptides of less than 15 kDa migrating 

near the front of the gel. 
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Figure 8. Kaempferol co-administration prevents the increase of Aβ peptides induced by NPA-
treatment. (A) Representative Western blot of Aβ peptides and β-actin of striatum and hippocampus 
homogenates of rats of control-group (CT), NPA-group (NPA) and KNPA-group (KNPA). (B) After 
acquisition of images of the Western blot with anti-Aβ antibody, the PVDF membrane was stripped and 
processed for the Western blot of anti-β-actin, as indicated in the Materials and Methods. The MWM are 
indicated on the left-hand side. (C) Plot of the ratio of (C99 cleavage fragment of APP of ≈50–55 kDa /β-
actin) in striatum and hippocampus homogenates of rats of CT, NPA- and KNPA-groups. The results shown 
are the average ± s.e. of Western blots of n = 6 homogenate samples of each group of rats. (*) p<0.05 
with respect to Control rats.  
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5. Discussion 

 

Administration of NPA to rodent’s mimic HD motor neurological dysfunctions. This work 

had two main objectives: (i) to identify early biomarkers of brain neurodegeneration before to 

achieve strong neuronal damage, in an animal model of Wistar rats subjected a subacute NPA 

treatment (i.p. injection of 25 mg NPA/kg b. w.) for 6 (G6), 17 (G17) and 24 (G24) days; and ii) 

administration of acute NPA treatment by i.p. injections (25 mg NPA/kg b. w. every 12h) for 5 

days to induce severe neurotological damage and dysfunction, and to evaluate the protective 

effect of the natural compound kaempferol (21 mg NPA/kg b. w.) against neurological 

impairment. 

In the first part of this work, the TTC staining of the rat brain slices, the neuronal loss 

through neurogranin immunostaining and the apoptotic cells observed with the TUNEL assay 

(Figure 1) showed a stronger degree of neurodegeneration in striatum of G24 group, compared 

with the G17 group. In addition, the absence of TTC staining in the three regions analyzed in the 

first part of this work (striatum, hippocampus and cerebellum) (Figure 2) confirmed the lack of 

tissue neurodegeneration in G17-group brain sections analyzed. Moreover, the G17-group of 

rats did not show significant sensorial or motor neurological dysfunctions, compared with the 

G24-group, pointing out that after 17 days of daily NPA treatment we did not observe strong 

neuronal damage. The comparison between the Western blots of C3α fragment expression, a 

reactive A1 astrocyte marker, in G6 and G17 groups (Figure 3) suggested that 6 days with a daily 

dose of NPA is not enough time to ensure that all rat brain regions of interest are affected by 

this neurotoxin, because after 6 days of treatment we did not observe a significant increase in 

C3α expression in striatum. Therefore, all these results suggested that 17 days of NPA treatment 

(daily i.p. injection of 25mg NPA/kg b. w.) are needed to guarantee that the three regions 

considered in this study are affected by NPA treatment but in an early stage of the progression 

of the disease. Other publications reported the expression of complement C3 in astrocytes in 

the striatum obtained from HD post-mortem brain samples38,54. However, unlike our 

observations in early stages of NPA neurotoxicity, these authors described C3 expression in the 

white matter and neurons in the striatum from the same patients54, which is possibly well 

justified due to an advanced lesion stage, when neuronal loss is already evident. Hence, as a 

novel finding in NPA-induced neurotoxicity, our results demonstrate an earlier activation of 

complement C3 protein in the brain from Wistar rats that are treated with this neurotoxin. 

It is well known that neurodegenerative diseases are associated with a 

neuroinflammatory processes mediated by microglial activation in the brain, including HD34,36. 

The secretion of pro-inflammatory cytokines promotes neuronal death through induction of ROS 
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and reactive nitrogen species (RNS) production29,58,59, excitoxicity caused by the release of L-

glutamate35 and damage associated to molecular products59,60, as well as activation and 

proliferation of astrocytes59. It has been reported that the secretion of IL-1α, TNFα, and C1q 

upon reactive microglial activation can induce the generation of reactive A1 astrocytes38. We 

showed in a previous work10 that there is a large increase of protein nitrotyrosines in parallel 

with a depletion of reduced glutathione in NPA-induced degeneration of adult Wistar rat brains, 

pointing out a large induction of ROS and also RNS in this animal model of HD. In this work we 

showed an increased expression of the cytokines IL-1α and TNFα in the striatum, hippocampus 

and cerebellum of adult Wistar rats treated with daily i.p. injections of 25 mg NPA/kg b.w. for 17 

days, demonstrated by the western blots presented in Figure 4 and confirmed later by 

immunostaining of rat brain slices of the three regions with the respective antibodies (data not 

shown in this thesis, but included in the published article, attached in the dissertation49). In 

addition, we found an increase in C1q expression through immunohistochemical analysis of rat 

brain slices (data not shown in this thesis, but included in the published article49). 

In our experimental model, we showed that a daily dose of NPA induced a gradual 

increase of C3α fragment, a reactive A1 astrocyte marker, as well as an increased generation of 

cytokines IL-1α and TNF-α starting long before the observation of any significant neurological 

motor impairment in treated rats, indicating an early induction of reactive microglia in the three 

regions under study (striatum, hippocampus and cerebellum). These findings supported the 

hypothesis that these cytokines play a major early role in the neuroinflammatory process. 

Moreover, the increase of IL-1α, TNFα, and C1q expression co-localizes with the appearance of 

C3 positive astrocytes in the three regions (data not shown in this thesis, but included in the 

published article49). Therefore, considering all these data, we conclude that, in our HD 

experimental animal model, extensive reactive microglial activation takes place in the brain, 

along with a reactive astrocytosis with generation of neurotoxic A1 astrocytes near or at 

neuronal structures which play a major role in brain motor coordination. These processes are 

early events that precede brain neurodegenerative processes that elicit motor disorders 

observed at an advanced stage of this neurological disease. Therefore, our results further 

validate the use of NPA i.p. administration to shed light on molecular mechanisms in the initial 

stages of neurotoxicity in HD. 

In the second part of this work, we administered an acute NPA treatment to Wistar rats 

(i.p. injection of 25 mg NPA/kg b. w. every 12 h for 5 days) to induce severe neurological damage 

to evaluate the protective effect of the natural compound kaempferol against neurological 

impairment. The kaempferol dose used was 21 mg/kg b. w., according to a previous study of our 
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laboratory with this experimental model of i.p. injections of NPA10. Lower doses of kaempferol 

afforded only a partial protection against striatum degeneration10. 

The results obtained in this work show that i.p. administration of kaempferol resulted in 

an almost complete blockade of the NPA-induced increase of C3α and other proteolytic 

fragments of C3 (iC3b, C3α fragment 2 and lower molecular weight fragments) in the striatum 

and hippocampus. Of note, brain slices stained with TTC (Supplementary Figure S.1) showed 

that kaempferol bears a large therapeutical potential to protect against NPA induced brain 

degeneration in both regions affected by NPA. In addition, the immunostaining patterns of IL-

1α, C1q and TNFα antibodies obtained with striatum and hippocampus slices of the rats of the 

KNPA-group are not significantly or only weakly different to those obtained from the rats of the 

control-group (Figure 6A and B). Therefore, we can conclude that i.p. administration of 

kaempferol at the dose used in this work efficiently prevented against the activation of 

complement C3 protein and generation of reactive A1 astrocytes induced by acute treatment 

with NPA in the striatum and hippocampus.  

As previously mentioned, we showed in other lab work that i.p. co-administration of 21 

mg of kaempferol/kg b.w. largely prevents the increase of cellular oxidative stress markers in 

NPA-induced brain degeneration10. In this work, we demonstrated that i.p. co-administration of 

this dose of kaempferol clearly prevents against the enhancement of NF-κB expression in both 

striatum and hippocampus of NPA-treated rats. In addition, it has been shown that the secretion 

of pro-inflammatory cytokines that mediate NPA-induced brain degeneration is elicited by NF-

κB activation30–32. Therefore, our results support the hypothesis that the activation of NF-κB 

signaling pathway by cellular oxidative stress is the major molecular mechanism underlying the 

increased production of C1q and pro-inflammatory cytokines IL-1α and TNFα and in NPA-

induced degeneration of the striatum and of the hippocampus. Nevertheless, the putative 

implication of other cellular stress signaling pathways in the production of these cytokines 

cannot be excluded. Therefore, the molecular mechanisms associated with the blockade of 

reactive A1 astrocyte generation by kaempferol in the rat brain induced by i.p. administration 

of NPA needs to be further investigated. Yet, the results reported herein reveal a potential novel 

therapeutic use of this flavonoid, because induction of neurotoxic reactive A1 astrocytes has 

been found in post-mortem samples of many human neurodegenerative diseases, like AD, PD 

and HD, and in amyotrophic lateral sclerosis and multiple sclerosis38. In fact, Stanek and 

colleagues61 using the YAC128 mouse model of HD have suggested that astrocyte dysfunction 

may display a critical role on HD pathogenesis, although this is still a controversial point because 

it has been questioned by other authors using another mouse models62. 
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The effective doses of kaempferol to afford protection against activation of complement 

C3 protein in the brain are strongly dependent upon the administration route of this flavonoid. 

In a previous work we showed that intravenous injections of only 100-200 μM of kaempferol in 

the blood produced an extensive protection against the striatal neurodegeneration caused by 

transient focal cerebral ischemia induced by middle cerebral artery occlusion in adult rats45. For 

comparison, the amount of kaempferol used for intravenous injections were 0.16-0.25 mg of 

kaempferol/kg b. w.45, while i.p. injections used in this work have been 21 mg of kaempferol/kg 

b. w. In another study, Babaei and colleagues (2021)63 administered kaempferol using the same 

method describe here (i.p injection) and used 10 mg/Kg b. w. (for 21 days) to evaluate the 

protective effect of kaempferol in the mouse model of sporadic AD. In a study performed in an 

mice model of PD, they administered 50 mg/Kg b. w of kaempferol by i.p. injection, to 

experimentally assess the protective effect of this natural compound64. Another work developed 

in an animal model of chronic social defeat stress (CDSD) evaluated the anti-depressive effect 

of kaempferol by using 10 and 20 mg/kg b. w., also administrated through the route that we 

used in our work65. Therefore, the amount of kaempferol used in this work (21 mg/kg b. w.) is 

consistent with the doses used in all these studies performed in animal models that mimic 

neurodegenerative or depressive disorders. Also, our study as well as the other animals’ studies 

reported, strongly suggest that the administration of kaempferol via i.p. injection required 

higher doses than intravenous injection to afford effective neuroprotection. 

Finally, in this work we observed an increase in Aβ peptides production in the striatum 

and a higher increase in the hippocampus of NPA-treated rats (Figure 8). To the best of our 

knowledge this is a novel finding in NPA-induced brain neurodegeneration and it has a special 

relevance, because exposure to NPA has been recently shown to induce tau pathology in tangle-

mouse model and also in wildtype-mice43. Therefore, this neurodegenerative process shares 

these molecular biomarkers with AD, in which reactive A1 astrocytes have been reported to be 

generated as well38. In addition, the results obtained herein showed that kaempferol prevented 

the generation of Aβ peptides induced by NPA treatment (Figure 8), which could be due the 

protection afforded by kaempferol against the generation of reactive astrocytes, once it has 

been shown that astrocytes can produce neurotoxic Aβ peptides40–42. Yet, the putative beneficial 

effects of kaempferol in AD is a pending issue, although clinical trials have reported 

improvements in cognitive function and memory impairment from treatment with the 

flavonoid-rich Ginkgo biloba extract66,67, an extract that contains kaempferol. 

In summary, the major result of this work is the protection against proteolytic activation 

of complement C3 protein and generation of reactive A1 astrocytes, by i.p. administration of 

kaempferol at a dose that also protects efficiently against the rise of markers of 
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neurodegeneration and against the neurological dysfunctions induced by acute i.p. injections of 

the neurotoxin NPA in male adult Wistar rats, as shown by the good neurological scores of the 

rats of the KNPA-group, which are in good agreement with those reported in an earlier work10. 

To the best of our knowledge this is a novel finding not previously reported elsewhere. 

Kaempferol blocked the activation of the NF-κB signaling pathway, suggesting that this is the 

major molecular mechanism inducing the enhanced secretion of C1q and cytokines IL- 1α and 

TNFα that elicits the generation of reactive A1 astrocytes in the rat model used in this study. In 

addition, an enhanced production of Aβ peptides has been found in NPA induced brain 

degeneration, which is also prevented by kaempferol i.p. administration. Therefore, this work 

highlights novel biological roles of this antioxidant flavonoid. The inhibition by kaempferol of C3 

proteolytic activation in the brain suggest a potential novel therapeutic use of this flavonoid, 

because induction of neurotoxic reactive A1 astrocytes has been found in post-mortem samples 

of many human neurodegenerative diseases. 

 

6. Supplementary Figure 

 

 

 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure S.1. Kaempferol reduces NPA-induced brain degeneration as demonstrated by 

TTC brain slides staining. The images show representative fresh brain 1.5 mm thick coronal sections of 

the striatum (S) and hippocampus (H), stained with TTC in the three groups. The white areas observed in 

the striatum reveal large lesions in NPA-group. In KNPA-group no damaged tissue is observed, showing 

similar TTC staining to control-group. The yellow square mark indicates those striatum areas illustrated in 

the immunohistochemistry images. In the hippocampus is observed a weaker TTC staining in NPA-group 

with respect to Control- and KNPA-groups. Scale bars: 2mm.  
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CONCLUSIONS 
 

 

In summary, the main conclusions of this work are: 

 

(1) A novel function of CaM in neurons demonstrated in this Ph.D. thesis is its high 

binding capacity to the neurotoxic Aβ(1-42) peptide in the nanomolar range, the 

prevalent Aβ peptide found in the amyloid plaques of AD patients. 

(2) Aβ(1-42) and CaM form complexes in primary rat cultures of mature CGN, and co-

localize with lipid rafts, as showed by extensive FRET assays, using lipid raft markers. 

(3) A(1-42) can be significantly internalized into mature CGN cells by short time 

incubation (2 h), leading to a decrease of resting cytosolic Ca2+ concentration 

through the inhibition of LTCC activity. 

(4) A(1-42) is also internalized into HT-22 mouse hippocampal cells by short time 

incubation, leading to a significant decrease of Ca2+ entry through P2X7R, a subtype 

of PR2, which are the main Ca2+ influx transport system in these cells. Besides, 

internalized Aβ(1-42) causes a decrease in SOCE mechanism by modulating of STIM1 

function, and by stimulating the activity of both, RyR and IP3R, ligand-gated calcium 

channels.  

(5) Subcellular distribution of internalized Aβ(1-42) into living HT-22 cells by short time 

incubation shows, a predominant localization near the perinuclear region of the 

soma, and moderate co-localization with ER and mitochondria, although it does not 

significantly alter the mitochondrial membrane potential. In addition, this 

internalized Aβ(1-42) up to 5 h incubation does not alter the resting cytosolic Ca2+ 

concentration. 

(6) A daily dose of the neurotoxin NPA administrated by i.p. injection to Wistar rats for 

17 days, results in inflammatory events, as shown by the increase of C3α generation 

(an early marker of generation of neurotoxic A1 astrocytes) in striatum, 

hippocampus and cerebellum, as well an increase of pro-inflammatory cytokines 

(TNF-α and IL-1α) and secretion of C1q. 

(7) The antioxidant kaempferol exerts a strong neurological protection against acute 

NPA treatment of Wistar rats (two doses per day, for 5 days). Co-administration of 

NPA and kaempferol completely prevents the rise of the levels of C3α, pro-

inflammatory cytokines, complement C1q and NF-κB, in striatum and hippocampus. 
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(8) A novel finding in NPA-induced brain degeneration reported in this work is that 

kaempferol i.p. administration also prevents the overproduction of Aβ peptides in 

striatum and hippocampus.  
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CONCLUSIONES 
 

En resumen, las principales conclusiones alcanzadas en este trabajo son las siguientes: 

 

(1) Una nueva función de la CaM en neuronas demostrada en esta tesis doctoral es su 

elevada capacidad para unir concentraciones nanomolares del péptido neurotóxico 

Aβ(1-42), el péptido de Aβ más enriquecido en las placas amiloides de los enfermos 

de AD. 

(2) Aβ(1-42) y CaM forman complejos en los cultivos primarios de CGN de ratas 

maduradas in vitro  que co-localizan con lipid rafts, como lo demuestran los estudios 

de FRET realizados utilizando varios marcadores de lipid rafts. 

(3) Aβ(1-42) se internaliza significativamente en CGN maduras tras un corto tiempo de 

incubación (2 h), produciendo la disminución de la concentración citosólica de Ca2+  

en ausencia de estímulo por inhibición de la actividad de los LTCC. 

(4) Aβ(1-42) se internaliza también en células de hipocampo de ratón inmortalizadas 

HT-22 tras un corto tiempo de incubación, produciendo una disminución 

significativa de la entrada de Ca2+ a través de P2X7R, un subtipo de receptores P2, 

que es el sistema con mayor capacidad de catalizar el influjo de Ca2+ extracelular en 

estas células. Además, el Aβ(1-42) internalizado induce una atenuación del 

mecanismo SOCE a través de la modulación de la función de STIM1 y de la 

estimulación de la actividad de RyR y de IP3R, canales de calcio activados por 

ligando.  

(5) La distribución subcellular del Aβ(1-42) internalizado en células HT-22 vivas tras un 

corto tiempo de incubación muestra una localización predominante cerca de la 

región perinuclear del soma, con una moderada co-localizacion con el ER y 

mitocondrias, aunque no altera significativamente el potencial de membrana 

mitocondrial. Además, el Aβ(1-42) internalizado hasta las 5 h de incubación no 

altera la concentración citosólica de Ca2+ en ausencia de estímulo. 

(6) Una dosis diaria de la neurotoxina NPA administrada por inyecciones i.p. a ratas 

Wistar durante 17 días, produce eventos inflamatorios que incrementan la 

producción de C3α (un marcador temprano de la generación de astrocitos A1 

neurotóxicos) en el estriado, el hipocampo y el cerebelo, así como un incremento 

de las citoquinas proinflamatorias (TNF-α e IL-1α) y de la secreción de C1q.   
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(7) El antioxidante kaempferol ejerce una fuerte protección neurológica contra el 

tratamiento agudo de ratas Wistar con NPA (dos dosis cada día, durante 5 días). La 

co-administración de NPA y kaempferol previene completamente la subida de los 

niveles de C3α, de citoquinas proinflamatorias, de la proteína de complemento C1q 

y de NF-κB en el estriado y en hipocampo. 

(8) Un hallazgo novedoso reportado en este trabajo es que la administración i.p. de 

kaempferol también previene la sobreproducción de péptidos Aβ en el estriado y en 

hipocampo en el proceso neurodegenerativo inducido por NPA.  
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Abstract: Intraneuronal amyloid β (Aβ) oligomer accumulation precedes the appearance of amyloid
plaques or neurofibrillary tangles and is neurotoxic. In Alzheimer’s disease (AD)-affected brains,
intraneuronal Aβ oligomers can derive from Aβ peptide production within the neuron and, also,
from vicinal neurons or reactive glial cells. Calcium homeostasis dysregulation and neuronal ex-
citability alterations are widely accepted to play a key role in Aβ neurotoxicity in AD. However,
the identification of primary Aβ-target proteins, in which functional impairment initiating cytosolic
calcium homeostasis dysregulation and the critical point of no return are still pending issues. The
micromolar concentration of calmodulin (CaM) in neurons and its high affinity for neurotoxic Aβ

peptides (dissociation constant ≈ 1 nM) highlight a novel function of CaM, i.e., the buffering of free
Aβ concentrations in the low nanomolar range. In turn, the concentration of Aβ-CaM complexes
within neurons will increase as a function of time after the induction of Aβ production, and free Aβ

will rise sharply when accumulated Aβ exceeds all available CaM. Thus, Aβ-CaM complexation
could also play a major role in neuronal calcium signaling mediated by calmodulin-binding proteins
by Aβ; a point that has been overlooked until now. In this review, we address the implications of
Aβ-CaM complexation in the formation of neurotoxic Aβ oligomers, in the alteration of intracellular
calcium homeostasis induced by Aβ, and of dysregulation of the calcium-dependent neuronal activity
and excitability induced by Aβ.

Keywords: amyloid β; calmodulin; neurons; Alzheimer’s disease; calmodulin-binding proteins;
intracellular calcium dysregulation; calcium signaling; neuronal functions; brain degeneration

1. Intracellular Amyloid β (Aβ) Oligomers in Neuronal Cytotoxicity and Calmodulin
(CaM) as a Major High Affinity Aβ-Binding Protein in Neurons

Intraneuronal Aβ accumulation has been shown to mediate neuronal cytotoxicity, and
it has been suggested to be an early pathological biomarker for the onset of Alzheimer’s
disease (AD) [1]. This is also supported by the finding that intraneuronal Aβ accumulation
precedes the appearance of amyloid plaques or tangles in transgenic mice [2–5], and that it
also correlates with alteration of long-term potentiation, synaptic dysfunction, and memory
impairment in a triple transgenic model of AD [3,6]. The prevalent Aβ peptide found in
the amyloid plaques of AD patients is Aβ(1–42) [7]. It has been shown that microinjection
of Aβ(1–42) or cDNA encoding Aβ(1–42) is neurotoxic to human neurons in culture [8].
Furthermore, oligomeric species of Aβ(1–42) are tightly linked to AD pathogenesis and
are likely to be the cause of neuronal damage [9–11]. In addition, neuronal uptake and
accumulation of Aβ(1–42) aggregates correlated with metabolic inhibition [12], while
extracellular Aβ, applied to hippocampal slices, seems to preferentially target synapses,
leading to a decrease in the synaptic marker synaptophysin [13], as well as endocytosis of N-
methyl-D-aspartate receptors (NMDAR) [14] and low-density lipoprotein receptor-related
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protein-1 (LRP1) [15,16]. Of note, the plasma membrane distribution and internalization of
NMDARs are modulated by LRP1 [17], and it has been proposed that physical interactions
with LRP1 may also mediate the functional modulation of NMDAR by LRP1 [18,19].
In addition, the binding of extracellular Aβ to other proteins, such as the α7 nicotinic
cholinergic receptor, ApoE and ApoE receptors, integrins and the receptor for advanced
glycation end products, has been shown to be implicated in Aβ uptake by neurons and
was reviewed in [20].

Calmodulin (CaM) is a calcium buffering protein which is expressed in neurons at
much higher concentrations than in non-excitable cells, reaching micromolar concentrations
in neurons [21]. The levels of CaM expressed in the brain are within 4 and 15 µg/mg wet
tissue, with highest content in cortical regions, striatum, hippocampus, amygdala, and
substantia grisea [22]. We showed that calcium-saturated CaM binds with high affinity
to Aβ(1–42) and Aβ(25–35) peptides, as demonstrated by a dissociation constant of the
Aβ:Ca2+

4-CaM complex close to 1 nM [23]. As a result, CaM could have a high capacity
to buffer intracellular free Aβ concentrations. We have recently shown [24] that primary
cultures of mature cerebellar granule neurons express 5.5 ± 0.5 ng of CaM per µg of total
protein, i.e., approximately 1 µg of CaM or 56 ± 6 picomoles of CaM in a plate seeded with
2.5 × 106 neurons. Additionally, we found that CaM extensively binds Aβ(1–42) dimers
in cerebellar granule neurons after only 2 hours of incubation at 37 ◦C with micromolar
concentrations of Aβ(1–42) dimers added to the extracellular medium, which allowed to
calculate that the CaM present in these neurons can bind up to around 120 picomoles of
Aβ/2.5 × 106 neurons [24]. This latter result leads to the complexation of the micromolar
intracellular CaM concentration, considering the size and the internal volume of mature
cerebellar granule neurons. Other proteins known to bind Aβ peptides with dissociation
constants close to 1 nM, i.e., with an affinity similar to that of CaM, are cellular prion
protein [25] and glycogen synthase kinase 3α [26]. However, the expression level of these
proteins in neurons is several orders of magnitude lower than that of CaM. Therefore, in
neurons, CaM seems to be a major sink for neurotoxic intracellular Aβ peptides, and this,
in turn, suggests that CaM could play a key role in protecting against an increase of free
intracellular Aβ concentrations above 1–2 nM. Based on this, it can be expected that down-
regulation of the expression of CaM should make neurons more prone to Aβ-induced
neurotoxicity, because they will suffer a stronger rise in the free intracellular concentration
of Aβ peptides upon β-secretase activation or extracellular Aβ uptake. Of note, a decrease
in the CaM expression level in brains affected by AD has been reported [27].

However, CaM is not only a major protein in cytosolic calcium buffering in neurons; it
also has a major role in neuronal metabolism, excitability, and intercellular and intracellular
signaling. Thus, Aβ(1–42):CaM complexes can also function as intracellular transducers
for focalized actions of Aβ peptides, and will be analyzed in the following sections of
this review.

2. The Roles of CaM in Neurons as Cytosolic Calcium Buffering and Calcium
Signaling Molecule—Subcellular Distribution of CaM-Binding Proteins (CaMBPs)
in Neurons

Khachaturian [28] proposed the “calcium hypothesis of brain aging and AD”, which
defended the idea that sustained changes in calcium homeostasis could be a common pathway
for aging and the neuropathological changes associated with AD. Later, calcium dyshome-
ostasis in AD received further experimental support. For example, Kuchibhotla et al. [29]
reported that the resting Ca2+ concentrations in the spines and dendrites of pyramidal neu-
rons in the neocortex are higher than normal in neurons located close to amyloid deposits.
Similarly, the resting level of Ca2+ in cortical neurons of 3xTg-AD animals was 247 nmol/L,
which was twice that found in non-Tg controls (110 nmol/L) [30]. These measurements
were consistent with many other studies that indicate that Ca2+ signaling is up-regulated
in AD [31].

Steady resting cytosolic calcium ranges between 70 and 150 nM in different types
of neurons in culture, and peaks below 1 µM upon transient plasma membrane depolar-
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ization by action potentials or upon stimulation by excitatory neurotransmitters [32–36].
In addition, there are large time-dependent and space-dependent fluctuations in calcium
concentrations within different cytosolic regions, soma, and axo-dendritic extensions upon
neuronal stimulation. Furthermore, the association with plasma membrane lipid raft nan-
odomains of voltage-operated calcium channels, NMDA and AMPA-glutamate receptors,
and plasma membrane calcium pumps, leads to the generation of high calcium concentra-
tion transients near the plasma membrane, both in the soma and synapses [36,37]. Since
the dissociation constant of calcium from CaM is relatively high, i.e., between 0.2 and
0.5 µM [23,38], the potency of CaM as a calcium buffer in different cytosolic compartments
in neurons is, not only dependent on the local concentration of CaM, but also on the local
concentration of free calcium. In addition, fluctuations of cytosolic calcium in neurons
strongly shift the equilibrium between the calcium-saturated open conformation of Ca2+-
CaM (Ca2+

4-CaM) and the close conformation of apo-CaM (minus Ca2+) [38]. Although
the interaction of Aβ(1–42) with CaM did not significantly alter calcium binding to CaM,
the affinity of Aβ(1–42) for apoCaM was found to be approximately 20-fold lower [23].

The CaM conformation changes from a closed to open configuration upon calcium-
binding and allows Ca2+/CaM to bind target proteins with high affinity (Kd = 10−7 to
10−11 M) [39,40]. The majority of CaMBPs bind Ca2+-CaM, while a small number of
proteins, such as neuromodulin and neurogranin, only bind to apo-CaM [41].

CaM binds and modulates the activity of the plasma membrane calcium pump
(PMCA), a protein that has a recognized major role in the control of the homeostasis
of cytosolic calcium in neurons [35,42,43]. In addition, CaMBPs play a major role in neu-
ronal function and excitability, and many of them present significant compartmentation
within subcellular neuronal structures. In this review, we will focus on CaMBPs expressed
in specific brain areas (hippocampus and cerebral entorhinal, and temporal and frontal
cortex), which are prone to degeneration in AD and of which functional impairment has
been suggested to underlie the loss of neuronal functions and/or intracellular calcium
dysregulation in this disease.

Tau and Aβ peptides are components of neuropathological hallmarks of AD, and tau,
amyloid β precursor protein, and β-site APP-cleaving enzyme 1 (BACE1) are CaMBPs [44,45].
In addition, CaM binds and modulates the activity of several protein kinases involved in tau
hyperphosphorylation, such as CaMKII, cyclin-dependent kinase 5, and glycogen synthase
kinase 3α [26,46]. Tau belongs to the family of microtubule-associated proteins that function
in microtubule assembly and stability; tubulin itself and microtubule-associated protein 2
are also CaMBPs [47,48].

CaMKs (CaMKI-IV) are a family of serine/threonine (Ser/Thr) protein kinases [49],
which are abundantly expressed in the brain; in some regions, such as the hippocampus,
CaMKII levels can reach to 2% of total proteins [50]. Upon activation by Ca2+/CaM binding,
CaMKs phosphorylate Ser/Thr residues of their target proteins and trigger the activity of
different substrates [51]. The multiplicity of substrates is a key feature of multifunctional
CaMKs, since this modulates the activity of many neuronal Ca2+ effectors that mediate
a wide range of neuronal processes that are critical for cognition and many other brain
functions. CaMKII is the most studied member of the CaMK family owing to its central
role in neuronal plasticity and cognitive functions, such as learning [52]. CaMKII has
different properties according to its subunit composition and isoform type (α, β, γ, and δ),
because each isoform has different features, such as calcium trapping kinetics, subcellular
distribution, and affinity for other proteins [53,54]. The Ca2+/CaM complex binds to the
regulatory region of CaMKII and produces a conformational change that activates the
phosphorylation of its substrates [55] as well as autophosphorylation at Thr286 in the
α isoform and Thr287 in the β,
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for the induction of long-term potentiation (LTP) in hippocampal slices, spatial learning,
and memory [57–63].

Calcineurin (or protein phosphatase 2B) is a Ca2+ and calmodulin-dependent Ser/Thr
protein phosphatase [64], which is activated by nanomolar concentrations of Ca2+ [65].
Calcineurin regulates proteins that play key roles in synaptic transmission and neuronal
excitability [66]. Calcineurin is mostly expressed in the cerebral cortex, hippocampus, and
striatum, as well as in the cerebellum [67]. In neurons, calcineurin is found in the perikarya
and nucleus [67] and in synaptic terminals [68]. Depending on the strength, duration,
and site of Ca2+ stimulus, calcineurin may either increase or decrease synaptic efficacy
and cell excitability through the modulation of ion channels, neurotransmitter receptors,
cytoskeletal proteins, kinases, other phosphatases, and transcription factors [69].

Neuronal nitric oxide synthase (nNOS) and adenylyl cyclases 1 and 8 (AC1 and AC8)
are other types of Ca2+/CaM-stimulated enzymes that generate second intracellular mes-
sengers of high relevance for learning and memory [70–72]. nNOS is highly expressed
in the hippocampus with a widespread intracellular distribution (nucleus, cytoplasm,
plasma membrane, and synaptic spines) and mediates synaptic plasticity, including LTP
and neuronal survival and signaling [72,73]. AC1 is the only adenylyl cyclase specific
to neurons and is expressed in the hippocampus and cerebellum [71,74], while AC8 is
expressed mainly in the hippocampus and slightly in the cortex [70,71]. AC1 is directly
stimulated by CaM and calcium at a concentration just above that of resting free Ca2+ in
neurons (150–200 nM) [70,75]. AC8 is also stimulated by CaM, but its Ca2+ sensitivity is
approximately five-fold lower than that of AC1 [76]. Both ACs are required for some types
of synaptic plasticity, including LTP and long-term memory formation (LTM) [70,77]. In
addition, overexpression of AC1 in mouse forebrain showed an increase in memory for
novel objects and enhanced L-LTP [21,78]; however, as noted above, a sustained dysregula-
tion of calcium homeostasis has been reported in AD [31,41] and it should be noted that
Ca2+/CaM-dependent phosphodiesterase isoforms modulate intracellular cAMP dynamics
in response to elevation of cytosolic Ca2+ [79].

Ion channels, such as the small-conductance potassium (SK) channels, KCNQ potas-
sium channels, cyclic nucleotide-gated channels, NMDAR, transient receptor potential
channels, ryanodine receptors (RyR), voltage-gated Ca2+ channels (VGCCs), and voltage-
gated Na channels, are also modulated by CaM [80]. In this work, we will only highlight
the modulation of Ca2+ channels that are recognized to play a major role in learning and
memory, two brain functions that are largely impaired in AD, by CaM.

Calcium influx through VGCCs is crucial for vesicular release of neurotransmitters,
intracellular signaling pathways, gene expression, and synaptic plasticity [81]. Among
them, L-type VGCC (LTCC) plays an important role in neuronal plasticity, learning and
memory, and an alteration in the function and/or regulation of these channels has been
associated with neuropsychiatric diseases, migraine headaches, cerebellar ataxia, autism,
schizophrenia, bipolar disorder, and depression [82,83]. The isoforms of LTCC, Cav1.2
and Cav1.3, are more highly expressed in the brain, and they have received increased
attention regarding their role in neurological and psychiatric diseases [82]. Both Cav1.2
and Cav1.3 can be found in neuronal cell bodies and proximal dendrites in the hippocam-
pus and have been involved in the regulation of many Ca2+-dependent functions, e.g.,
protein phosphorylation, enzyme activity, gene expression, and neurotransmission [84].
Furthermore, calcium influx through LTCC is limited by constitutively bound CaM, which
leads to Ca2+-dependent inactivation [85] and prevents neuronal damage due to excessive
Ca2+ entry [86]. Briefly, the CaM conformational change upon Ca2+ binding promotes
inactivation of LTCC by interaction with additional effector sites of the C-terminal domain
in Cav1.2, and, in case of Cav1.3, also of the N-terminal domain [86]. The strength of
Ca2+-dependent inactivation can be adjusted by regulating the strength of CaM binding by
displacement of CaM from its C-terminal interaction sites [86,87].

NMDAR are critical for the expression of LTP in hippocampal and cortical regions [88,89],
and overexpression of the NR2B subunit in the hippocampus has been found to increase
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the amplitude of LTP in the CA1 region and to enhance learning in mice [90]. NMDAR
can be directly or indirectly modulated by CaM or CaMKII, respectively [91]. In direct
CaM-NMDAR modulation, after calcium entry, CaM induces inactivation of NMDAR
through a reduction of its open rate and mean open time by binding to two regions of the C
terminal domain of the NR1 subunit, i.e., a high affinity site at the alternatively spliced C1
exon (Kd ≈ 4 nM) and a lower affinity site at the neighboring C0 region (Kd ≈ 87 nM) [92].
This Ca2+-dependent inactivation provides an important feedback inhibition of Ca2+ influx,
preventing excessive Ca2+ entry through NMDAR that can lead to neurodegeneration and
excitotoxicity [93]. In addition, the indirect modulation of NMDAR by CaMKII is crucial
for LTP and long-term depression (LTD) in the brain [94], as disruption of the interaction
of NMDAR/CaMKII produces deficits in hippocampal LTP and spatial learning [95]. In
the postsynaptic compartment, Ca2+ influx through NMDAR activates CaMKII and its
translocation from cytosol to postsynaptic density membranes, where it binds to NMDAR
subunit 2B (NR2B) [96]. CaMKII/NR2B binding requires an initial Ca2+/CaM stimulus,
but this interaction persists, even after dissociation of CaM from the complex due to the
autophosphorylation of CaMKII at Thr286 [94].

Other neuronal CaMBPs expressed in the hippocampus, such as myosin light chain
kinase [97,98], spectrin [99], and fodrin [100], play major roles in the cytoskeleton struc-
ture and dynamics, and they also play key roles in neuronal activity and interneuronal
connectivity. In addition, Ras-guanine nucleotide-releasing factor 1 (Ras-GRF1), which
is also expressed in CA1 neurons of the hippocampus, has been shown to be involved
in the induction of LTP and LTD associated with spatial learning and long-term mem-
ory [101,102]. Finally, glycogen phosphorylase kinase, in addition to its role in the regu-
lation of glycogenolysis in the brain [103], can also phosphorylate the apo-CaM-binding
regulatory regions of neuromodulin (Nm) and neurogranin (Ng) [104], which are neu-
ronal specific proteins that are known to play major roles in neuronal plasticity and LTP
(see below).

However, at normal resting cytosolic calcium concentrations close to 100 nM or lower
in neurons, CaM is mainly in the apo-CaM conformation. Apo-CaM is largely associated
with three proteins in neurons: Nm, Ng, and regulator of CaM signaling (RCS) [21]. Nm,
also known as GAP43 or B-50 or P-57, is an abundant presynaptic protein and was the
first CaMBP discovered to have a higher affinity for CaM in the absence of Ca2+ [21].
Nm accumulates in axonal growth cones and helps their navigation to appropriate target
sites during the development of the nervous systems [105]. Furthermore, it is involved in
neurite extension and neuronal plasticity, neuroregeneration, regulation of neurotransmitter
release at the presynaptic terminal, and in LTP [106]. It has been demonstrated that Nm
binds to apo-CaM at the presynaptic membrane and releases it locally under two different
mechanisms: (1) when there is an increase in intracellular Ca2+ or (2) upon phosphorylation
at Ser41 by protein kinase C (PKC), which blocks apo-CaM-binding to Nm [106,107].

Ng (also known as RC3, BICKS and P17) is a postsynaptic neuronal-specific CaMBP
that is expressed in the cerebral cortex and hippocampus [108]. In neurons, it is expressed
in the cytoplasm and in dendritic spines, where it participates in synaptic signaling via
regulation of CaM availability [109]. Ng binds to CaM only in calcium-free medium,
suggesting that Ng could serve as a reservoir for apo-CaM and as a Ca2+ sensor [110]. An
IQ motif of Ng mediates its interaction with apo-CaM and with phosphatidic acid, and
phosphorylation by PKC at Ser36 blocks the binding of Ng with apo-CaM or phosphatidic
acid [111]. Ng-knockout mice display an apparently normal phenotype, but show severe
deficits in spatial and emotional learning and a decrease in LTP induction [111] as well as a
slightly enhanced LTD [112]. Indeed, Ng mutants lacking the ability to bind to apo-CaM
are unable to potentiate synaptic transmissions [110]. In conclusion, similar to Nm, Ng has
an important role in the neuroplasticity mechanism of learning and memory [113].

RCS, also known as ARPP-21 or cAMP-regulated phosphoprotein 21kDa, is a PKA-
regulated phosphoprotein expressed in brain regions receiving dopaminergic innerva-
tion [114]. RCS is enriched in caudate-putamen, substantia nigra, nucleus accumbens and
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olfactory tubercle, but also displays intermediate levels of expression in the cerebral cortex
and hippocampus [115]. The G protein-coupled receptor (GPCR)-dependent activation
of protein kinase A (PKA) leads to phosphorylation of RCS at Ser55, and increases its
binding to CaM [116], preventing CaM from binding to CaM-regulated phosphatase cal-
cineurin [21].

3. Modulation by Aβ of CaMBPs, Which Play Major Roles in Aβ Production in
Neuronal Calcium Homeostasis and LTP
3.1. The Relevance of Aβ:CaM Complexation for the Regulation of Neurotoxic Aβ
Oligomer Formation

Clinically, AD is divided into sporadic AD (sAD) and familial AD (fAD). The funda-
mental role of Aβ in AD is derived from studies of fAD, which accounts for 1–5% of patients
with AD [117], who have autosomal dominant mutations or duplications in the amyloid
precursor protein (APP) or mutations in the presenilin-1 (PSEN1) and presenilin-2 (PSEN2)
genes [118,119]. These mutations result from changes in APP proteolysis by the γ-secretase
complex, leading to an increase in the formation of toxic Aβ(42/40) oligomers, which in-
duce synapse loss and neuronal toxicity [120,121]. As fAD is pathologically similar to sAD,
with the difference being that fAD generally has an early onset and the symptoms progress
more rapidly, it is believed that Aβ(1–42) over-production is also a main factor in sAD [121].
PSEN mutations contributes to over 90% of fAD cases, and several studies have shown
that intracellular calcium dysregulation due to these mutations takes place before the
formation of Aβ plaques and neurofibrillary tangles (NFT) in AD brains, highlighting that
modifications in cytoplasmic calcium may be an early event at the onset of AD [122,123].
The increase of cytosolic calcium, in turn, leads to a CaM-mediated stimulation of the
amyloidogenic protease, BACE1. In vitro experiments have shown that this calcium–CaM
dependent stimulation of BACE1 is about 2.5-fold [45]. Moreover, Giliberto et al. [124]
showed that the treatment of neuronal and neuroblastoma cells with 1 µM soluble Aβ(1–42)
increased BACE1 transcription and that this was reverted by an anti-Aβ(1–42) antibody.
It has been suggested that this could be due to Aβ-induced oxidative stress, because this
increase in BACE1 transcription was shown to be mediated by the activity of NFκB [125].
Furthermore, an up-regulation of BACE1 expression in several vascular risk factors for
AD development, including hypoxia, hyperglycemia and hypercholesterolemia, has been
shown and was reviewed in [126]. Therefore, free Aβ generates a positive feedback loop of
Aβ production, and this is likely to play a major role in brain degeneration, both in fAD
and sAD. On these grounds, lowering of free Aβ by complexation with CaM can be seen
as a cellular defense response to slow down the formation of neurotoxic Aβ in neurons. In
addition, the increase of Aβ(1–42):CaM complexes elicited by the rise in Aβ production
reduces the availability of free CaM for stimulation of BACE1 activity, providing feedback
inhibition of amyloidogenic Aβ production. Of note, it has been shown that the CaM antag-
onist W7 stimulates cleavage of APP through a non-amyloidogenic pathway [127,128]. To
the best of our knowledge, the possibility that Aβ(1–42):CaM complexes may also inhibit
BACE1 activity has not yet been experimentally assessed.

3.2. The Relevance of Aβ:CaM Complexation for the Alteration of Intracellular Calcium
Homeostasis Induced by Aβ

PSENs modulate intracellular Ca2+ homeostasis through direct interaction with three
components of the endoplasmic reticulum (ER), namely, inositol triphosphate receptors
(IP3R), RyR, and sarco(endo)plasmic reticulum Ca2+-ATPase (SERCA) [129]. Mutations
of the PSEN2 gene enhanced Ca2+ release through IP3R [130] and mutations in PSENs
can also modulate capacitative calcium entry, a refilling mechanism for depleted Ca2+

stores [122,131,132]. Store-operated calcium entry (SOCE) disruption is consistently ob-
served in AD and is manifested as attenuated Ca2+ entry in the primary neurons of AD
mice with human mutant PSEN1 knocked in, or in skin fibroblasts from familial AD
patients [133]. In addition, it has been reported that STIM2 expression levels are down-
regulated by fAD-linked PS1 mutations and, thus, insufficient signal is transferred to
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the plasma membrane to activate SOCE when ER Ca2+ is depleted [134]. In addition,
PSEN also acts as an ER Ca2+ leak channel and fAD mutations in PSEN1 disrupt this
function [135,136], leading to overloaded ER Ca2+ stores and increased ER Ca2+ release in
PSEN double knockout fibroblasts and in fibroblasts transfected with mutant PSEN1 and
PSEN2 constructs [121]. Additionally, in fAD, PSEN mutations increase RyR-mediated Ca2+

release, either due to enhanced expression of channel proteins or sensitization of the chan-
nel activity through PSEN–RyR protein interactions [135,137]. In addition, apoE4, a genetic
risk factor for AD, may also amplify ER Ca2+ release through RyR, thereby stimulating the
formation of Aβ plaques and neurofibrillary tangles [138,139]. In vitro experiments have
shown that application of soluble Aβ oligomers causes a large increase in RyR activity due
to an approximately 10-fold increase in the channel open probability [140] and stimulates
RyR-mediated Ca2+ release in hippocampal neurons in culture [141]. It must be noted
that the increase of the open channel activity of RyR was measured with the application
of micromolar concentrations of Aβ(1–42) to skeletal muscle fibers. Thus, it seems that
oligomeric Aβ may only further potentiate excessive ER Ca2+ release by direct interaction
with RyR at concentrations that are not reached within the neurons at the early stage of AD
brain degeneration. However, indirect modulation by Aβ-induced oxidative stress may un-
derlie the Aβ-induced activation of RyR observed in hippocampal neurons in culture after
2–3 h of incubation with concentrations of Aβ(1–42) oligomers ≥500 nM [141]. Therefore,
sequestration of Aβ oligomers by CaM could be expected to protect against the increase of
ER Ca2+ release through RyR. In addition, it has been reported that mutation or deletion of
PSEN alters the ER calcium refilling process through the SERCA pump and may contribute
to the pathogenesis of AD [142]. Indeed, it has been recently shown that increasing SERCA
activity helps to maintain ER calcium and improves memory and cognition in APP/PSEN1
mice, as SERCA activation can sequester more cytosolic Ca2+ and prevent the apoptosis
induced by mitochondrial signaling [143].

While ER calcium release stimulates Aβ production (see above), the produced Aβ

can inhibit the activity of plasma membrane Ca2+ extrusion systems, PMCA, and sodium-
calcium exchanger (NCX). According to Mata and colleagues, PMCA is the only Ca2+

pump in which Ca2+ dependence activity is altered in membranes of AD brains compared
to control brains and, also, is the only pump in the brain which is directly inhibited by
Aβ [144,145]. Mechanistic studies indicated that Aβ aggregates are more potent inhibitors
of PMCA activity than monomers [145] and the Aβ inhibitory effect is due to the interaction
of Aβ with the C-terminal tail of PMCA [43]. In addition, the inhibitory effect of Aβ could
be blocked by pretreating the purified protein with Ca2+/CaM, the main endogenous
activator of PMCA [145]. Additionally, Aβ can inhibit NCX activity, either by direct
interaction with the hydrophobic surface of NCX and/or with the lipid bilayer of the
plasma membrane [146]. It has been shown that 1 µM Aβ(1–40) stimulates NCX activity
three-fold in the reverse mode in human astrocyte-derived glioblastoma cells with a time
delay of 400–500 seconds after application of this peptide [147]. The short time for NCX
activity modulation by Aβ(1–40) suggests that this may be due to the direct interaction
between this peptide and NCX; however, a titration with submicromolar concentrations
of Aβ(1–40) was not reported by these authors and data are not available to obtain a
dissociation constant of this peptide from NCX. Of note, impaired hippocampal LTP
and memory-related behaviors have been recently reported for NCX2+/− or NCX3+/−
mice [148]. The synaptosomal expression of NCX1, NCX2, and NCX3, the three variants
of NCX, were investigated in AD parietal cortex by Sokolow et al. [149]. These authors
found that NCX2-positive terminals were increased in the AD cohort, while NCX3-positive
terminals were reduced, and they demonstrated that the three isoforms co-localized with
Aβ in synaptic terminals [149]. This co-localization could increase the local concentration
of Aβ near NCX, and this would favor the modulation of NCX activity by its direct
interaction with Aβ peptides at lower cytoplasmic free Aβ concentrations. If this is the
case, complexation of Aβ with CaM should antagonize NCX modulation by Aβ peptides,
protecting against the rise of cytosolic calcium by calcium entry through NCX. Although
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these authors also reported that all three variants are up-regulated in nerve terminals
containing Aβ [149], a recent study carried out in APP23 and APP-KI transgenic mice
demonstrated that both protein and mRNA levels of NCX2 and NCX3 isoforms were
down-regulated in hippocampal CA1 neurons [148]. These findings suggest that further
studies are required to unveil the functional modifications and expression patterns of all
NCX isoforms and their roles in AD pathology.

Since Aβ can inhibit the major Ca2+ extrusion systems of the neuronal plasma mem-
brane, it can be foreseen that an increased ER Ca2+ release, induced by mutations in PSEN
proteins, should eventually lead to mitochondrial Ca2+ overload and apoptotic pathways.
Indeed, this is an effect of exogenous Aβ peptides that has been experimentally demon-
strated [150,151]. Cumulative lines of evidence have demonstrated that mitochondrial
Ca2+ signaling is altered in AD due to mutations in the PSEN proteins [152,153]. The
excess in cytosolic Ca2+ caused by enhanced ER Ca2+ release caused by mutant PSENs
is, at least in part, counterbalanced by the Ca2+ uptake through the voltage-dependent
anion-selective channel protein and the calcium uniporter of the mitochondria. A sustained
increase in mitochondrial Ca2+ concentration impairs ATP production, increases reactive
oxygen species (ROS) production, and the opening of the mitochondrial permeability
transition pore [154]. Several studies have proposed that enhanced neuronal apoptosis
and increased ROS production are major factors in the neurodegeneration observed in AD,
and the accumulation of mitochondrial Ca2+ has been shown to be significantly implicated
in these neurotoxic pathways [153,154]. Upregulation of genes related to mitochondrial
energy metabolism and apoptosis has been already reported in an AD transgenic mouse
model overexpressing a mutant form of APP at different stages of AD progression [155].
This upregulation is likely an adaptive response to restore the mitochondrial functions
impaired by the sustained increase in cytosolic Ca2+ induced by Aβ. However, it seems
that this is not enough to protects against the loss of mitochondrial function produced by
the oxidative damage associated with the overproduction of ROS induced by mutant APP
and soluble Aβ [152]. Indeed, Wang et al. [156,157] demonstrated that essential proteins for
mitochondria fission and fusion, which are needed to maintain synaptic activity in healthy
neurons, are altered by enhanced Aβ production when APP is overexpressed in human
neuroblastoma cell line M17, and, also, by treatment with oligomeric Aβ(1–42). Further-
more, these authors showed that altered levels of mitochondrial fission/fusion proteins
in M17 cells, and in differentiated hippocampal neurons mimicking changes observed in
AD neurons, led to an increase in mitochondrial fragmentation and abnormal distribution,
which contribute to mitochondrial and neuronal dysfunction [156,157]. Later, Silva-Álvarez
et al. [158] showed that treatment of hippocampal neurons in culture with a concentration
of 500 nM Aβ(1–42) oligomers for 2–5 hours elicits a large loss of mitochondria per neuron
with respect to control neurons. In addition, it was shown by Area-Gomez et al. [159]
that the contact sites between mitochondria and ER are rich in PSEN, and it was later
demonstrated that mutations in PSEN and APP can upregulate mitochondria-associated
ER membrane (MAM) functions and generate a substantial increase in ER–mitochondrial
connectivity [160]. Since these authors observed the same upregulation in MAM function
and ER mitochondrial communication in fibroblasts from patients with sAD, without
mutations in PSEN1, PSEN2, and APP, they suggested that MAM-upregulated function is
a common feature in both fAD and sAD, and proposed that it may represent a pathogenic
initiator of AD [160,161]. In addition, other recent studies have shown that an increase in
Aβ production may perturb mitochondria and mitochondria–ER contact site functions,
mediating the neurodegeneration observed in AD, see, e.g., [153,162].

3.3. The Relevance of Aβ:CaM Complexation for Dysregulation of Calcium-Dependent Neuronal
Activity and Excitability Induced by Aβ

The direct modulation of CaMKII by Aβ has a strong impact on neuronal activity
and excitability. It has been shown that treating hippocampal neurons with Aβ oligomers
impairs αCaMKII activation [163,164] and that Aβ prevents the activation of CaMKII
during hippocampal LTP [165]. The inhibition of CaMKII by Aβ may be primarily a neu-
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ronal defense mechanism because APP can be phosphorylated in vitro by several kinases,
including CaMKII [166], and CaMKII is also a tau kinase, which has been suggested to
act in priming tau phosphorylation by cyclin-dependent kinase 5 and glycogen synthase
kinase β [167,168]. It should be observed here that Aβ(1–42) has been reported to bind to
glycogen synthase kinases 3α and 3β with high affinity [26]. Indeed, the reported dissocia-
tion constants of Aβ(1–42) from the glycogen synthase kinase 3α isoenzyme [26] and from
CaM [23] are almost identical, ≈1 nM. Furthermore, Dunning et al. [26] demonstrated that
binding of Aβ(1–42) to glycogen synthase kinase 3α stimulates hyperphosphorylation of
tau. In addition, glycogen synthase kinase 3α has been proposed to enhance Aβ production
through γ-secretase stimulation [169]. Therefore, the inhibition of CaMKII by Aβ may
counteract, at least in part, the stimulation of glycogen synthase kinase 3-dependent tau
phosphorylation by nanomolar Aβ concentrations. Moreover, it has been proposed that,
outside of synapses, αCaMKII is hyperactive and could contribute to NFT formation since
it co-localizes with NFT in the AD brain [164]. To the best of our knowledge, the possibility
that CaMKII could also bind Aβ:CaM complexes has not been experimentally assessed,
nor has the putative role of these complexes in Aβ-induced CaMKII inhibition.

Inhibition of CaMKII prevents against the phosphorylation of nNOS at Ser847, which
inhibits the activation of nNOS by Ca2+/CaM [170,171]. This is a neuroprotective effect
of CaMKII inhibition by Aβ, because nitric oxide-induced inhibition of NMDAR protects
neurons against the toxicity elicited by the excessive increase in cytosolic Ca2+ produced
by sustained stimulation of these glutamatergic receptors [172]. It has been shown that
nNOS can be inhibited by several Aβ peptides with inhibitor constants ranging from 0.81 to
14 µM [173]; however, these high concentrations of Aβ peptides are unlikely to be reached
within the neurons until a late stage of AD brain degeneration.

In vivo, the activation of CaMKII is under the negative control of calcineurin-dependent
phosphatase activity [174,175] and is essential for LTP generation [57,176]. Calcineurin-
dependent subcellular relocation of autophosphorylated αCaMKII also occurs in Aβ

oligomer-treated primary neuronal cultures [177,178]. A shift of p(T286)-αCaMKII from
apical dendrites/spines to the soma of CA3 pyramidal neurons, which is blocked by inhi-
bition of the phosphatase calcineurin, is also found in a mouse model of sAD, in which
amyloid oligomers are injected into the ventricles [178]. Post-mortem analyses and studies
with AD models indicate that T286-autophosphorylation of αCaMKII is decreased at the
synapses in the disease [164]. It should be recalled that this autophosphorylation is essential
for NMDAR-dependent LTP at CA1 synapses and for spatial memory formation [179,180].
Indeed, knockdown of CaMKII mimics the reduced surface expression of AMPA receptor
subunit GluA1 and decreased AMPA receptor-mediated synaptic transmission, which is
reversed by CaMKII overexpression [177]. An analogous observation is seen when treating
rat hippocampal slices with Aβ(1–42). In this experimental model, Aβ inhibits CaMKII
activation and blocks the stimulation-dependent phosphorylation of a CaMKII-specific
site on GluA1 [165]. Moreover, treatment that enhances CaMKII activity also improves
long-term memory in a mouse model of AD [181].

Acute application of synthetic Aβ elicits inhibition of LTP in area CA1, or dentate
gyrus, of rat hippocampus [182–185], as well as in conditioned culture medium contain-
ing Aβ species secreted by cells transfected with human APP [9]. In the dentate gyrus
Aβ inhibition of LTP was blocked by specific inhibitors for calcineurin, indicating that
increased calcineurin activity contributes to Aβ-induced LTP inhibition [183]. Thus, Aβ

can also alter LTP by disrupting the dynamic balance between protein phosphorylation
and dephosphorylation of CaMKII. It has been proposed that the increase in cytosolic
calcium induced by Aβ triggers calcineurin hyperactivity [186]; however, the possibility
that Aβ and/or Aβ:CaM complexes might bind to calcineurin does not seem to have been
explored until now. At least, this is a priori relevant for the dynamics of tau:calcineurin
complexes and ultimately for the modulation of the extent of tau phosphorylation, since
binding of Ca2+-CaM to calcineurin disrupts its interaction with tau and lowers its ability
to dephosphorylate tau [187]. In addition, despite the fact that extracellular Aβ applied to
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hippocampal slices preferentially targets synapses [13], experimental data are lacking to
exclude that Aβ could alter the association/dissociation kinetics of apo-CaM with CaM
reservoir proteins, such as Nm, Ng, or RCS, in synaptic terminals.

Accumulated evidence has demonstrated that soluble Aβ oligomers bind to NMDAR
and induce Ca2+ influx [187], which leads to further Ca2+ release into the cytosol from
internal stores within the spine [188], the major component of spine calcium transients. In
addition, it has been demonstrated that Aβ oligomers associate and co-localize with den-
dritic trees [189], which are postsynaptic membranes enriched in NMDAR [190]. A direct
activation of NMDAR by Aβ(1–42) oligomers has been demonstrated with NR1/NR2A
and NR1/NR2B receptors, heterologously expressed in Xenopus laevis oocytes [191], but
the binding sites of Aβ oligomers in NMDAR subunits remain to be identified. This elicits
a pathological level of Ca2+ signaling, producing a gradual loss of synaptic function and,
ultimately, neuronal excitotoxic cell death. However, the molecular mechanisms under-
lying the activation of NMDAR in the AD brain remain controversial, because NMDAR
are activated by oxidative stress [192] and Aβ oligomers also induce an increase in cel-
lular oxidative stress [187,193]. On the other hand, studies with astroglial and neuronal
cells show that Aβ impairs glutamate uptake/recycling mechanisms, contributing to AD-
associated excitotoxicity and neurodegeneration [194,195]. Interestingly, hippocampal
neurons are more susceptible to this type of injury than cortical neurons, and in organ-
otypic hippocampal slices, CA1 neurons show greater susceptibility than CA3 or dentate
gyrus neurons [164]. This reflects the hierarchical decline of brain areas during disease
progression [196]. This provides rationale for the clinical trial of memantine, the NMDAR
antagonist, as a neuroprotective treatment for AD [197].

LTCC have long been implicated in aging and AD [198]. A decrease in LTCC activity
has been reported in the hippocampus of APP/PS1 double-transgenic mice [199]. In a
recent study, Poejo et al. [24] reported the inhibition of L-type calcium channels of cere-
bellar granule neurons by submicromolar cytosolic concentrations of Aβ(1–42) dimers,
likely mediated by Aβ-CaM complexes. Owing to the high contribution of calcium influx
through LTCC to increasing the resting cytosolic calcium in neurons [36,200–202], the inhi-
bition of LTCC by Aβ seems another compensatory neuroprotection mechanism to prevent
pathogenic cytosolic Ca2+ dysregulation. Adaptive control of the activity of LTCC upon
exposure to Aβ is also suggested by experiments with astrocytes cultures, since acute expo-
sure of astrocytes to murine Aβ(1–42) increased the expression of the Cav1.2 α1-subunit,
whereas chronic treatment decreased it, showing that Aβ can differentially regulate LTCC
expression, depending on the incubation time [203]. However, the molecular mechanism(s)
accounting for the inhibition of LTCC by Aβ found in primary cultures of cerebellar granule
neurons remains to be settled, as LTCC are activated by CaMK-dependent phosphorylation
but are inactivated by CaM binding [204,205]. Noteworthy, nimodipine, a dihydropyri-
dine derivative and LTCC antagonist, has beneficial effects in AD patients and slows the
progression of the disease [206]. Although two large-population, long-term cohort studies
have proved the protective role of Ca2+ channel blockers over other types of antihyperten-
sive drugs on the risk of dementia among elderly hypertensive populations [207,208], the
clinical effects of each specific LTCC blocker remain controversial [209].

4. Conclusions

The high affinity of small Aβ oligomers for CaM and the high concentration of CaM in
neurons reveal a major role of CaM for Aβ buffering in neurons, which protects against the
rise of free concentrations of neurotoxic Aβ peptides. In turn, the concentration of Aβ-CaM
complexes within neurons increases as a function of time after induction of Aβ production,
and free Aβ will rise sharply when accumulated Aβ exceeds all available CaM, i.e., when it
reaches total micromolar Aβ. Intraneuronal Aβ oligomers found in the AD brain can arise
from endogenous Aβ peptide production as well as from vicinal reactive glial cells [210],
as inflammation is now recognized to foster AD brain degeneration. The slow kinetics
of Aβ uptake and its internalization by neurons [12,211] is likely one of the factors that
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slows down the time course of the neurotoxicity of exogenous Aβ, and is relevant for the
comparison and integration of the results and conclusions of studies performed in cell
cultures after exposure to exogenous Aβ. In addition, lipid rafts have an important function
in Aβ uptake and its internalization in neurons [20,212,213], and associated with them are
calcium entry and extrusion systems that control resting cytosolic calcium homeostasis
and neuronal excitability, such as PMCA, NCX, LTCC and NMDAR [36,37]. Thus, lipid
rafts provide a physical link between the known alteration of cholesterol metabolism
and dysregulation of cytosolic calcium in AD. On these grounds, it is to be expected that
the Aβ-triggering of molecular mechanisms for the onset of neuronal cytosolic calcium
dysregulation will be different for endogenously generated Aβ in the early stages of fAD
and for the Aβ produced by vicinal reactive glial cells, probably a major source of Aβ

during AD brain degeneration.
In addition, Aβ-CaM complexation is likely to play a major role in the functional regu-

lation of CaMBPs by Aβ, either in sensitivity or activity modulation. This has been largely
overlooked until now, and it may have relevant implications for neuronal Aβ production,
since APP and BACE1 are CaMBPs, for tau phosphorylation and for neuronal calcium
dysregulation in AD, which mediates loss-of-function and neurodegeneration in AD brains.
The identification of the primary target proteins for non-endogenous intraneuronal Aβ,
of which functional impairment initiates cytosolic calcium homeostasis dysregulation as
well as the critical point of no return, are still pending issues due to the following major
reasons: (1) a lack of assessment of total intracellular Aβ concentrations in experiments
with cell cultures reporting cytosolic calcium dysregulation; (2) a lack of the dissociation
constant of the direct interaction between Aβ and Aβ-CaM complexes with target proteins;
and (3) a lack of measurements of the putative oxidative modifications of calcium channels
and pumps in cell cultures after different times of exposure to exogenous Aβ. It should be
recalled that that Aβ stimulates intracellular ROS production [190] and that the calcium
transport systems that are more relevant for the control of intracellular calcium homeosta-
sis are highly sensitive to a sustained cellular oxidative stress [36,214,215]. However, the
experimental data accumulated so far allow us to envisage cellular adaptive responses, i.e.,
up-regulation and down-regulation of gene and protein expression levels, to compensate
for the alteration of intracellular calcium homeostasis upon acute and chronic exposure of
neurons both in vitro (cell culture) and in vivo (animal models) to Aβ stress.
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Abbreviations

Aβ Amyloid β peptide
AC Adenylate cyclase
AD Alzheimer’s disease
AMPA α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
APP Amyloid precursor protein
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BACE1 β-Site APP-cleaving enzyme 1
CaM Calmodulin
CaMBPs Calmodulin binding proteins
CaMKs Ca2+/calmodulin-dependent protein kinases
ER Endoplasmic reticulum
fAD Familial or hereditary Alzheimer’s disease
IP3R Inositol trisphosphate receptor
Kd Dissociation constant
LRP1 Low density lipoprotein receptor-related protein-1
LTCC L-type calcium channels
LTD Long-term depression
LTM Long-term memory
LTP Long-term potentiation
MAMs Mitochondria associated ER membranes
NCX Sodium-calcium exchanger
NFT Neurofibrillary tangles
Ng Neurogranin
Nm Neuromodulin
NMDA N-methyl D-aspartate
NMDAR N-methyl D-aspartate receptors
nNOS Neuronal isoform of nitric oxide synthase
PKA protein kinase A
PKC Protein kinase C
PMCA Plasma membrane calcium pumps
PSEN Presenilin
RCS Regulator of calcium signaling
RyR Ryanodine receptors
ROS Reactive oxygen species
sAD Sporadic Alzheimer’s disease
SERCA Sarco(endo)plasmic Ca2+-ATPase
SOCE Store-operated calcium entry
VGCCs Voltage-gated calcium channels

References
1. D’Andrea, M.R.; Nagele, R.G.; Wang, H.Y.; Peterson, P.A.; Lee, D.H. Evidence that neurons accumulating amyloid can undergo

lysis to form amyloid plaques in Alzheimer’s disease. Histopathology 2001, 38, 120–134. [CrossRef] [PubMed]
2. Wirths, O.; Multhaup, G.; Czech, C.; Blanchard, V.; Moussaoui, S.; Tremp, G.; Pradier, L.; Beyreuther, K.; Bayer, T.A. In-traneuronal

Aβ accumulation precedes plaque formation in β-amyloid precursor protein and presenilin-1 double-transgenic mice. Neurosci.
Lett. 2001, 306, 116–120. [CrossRef]

3. Oddo, S.; Caccamo, A.; Shepherd, J.D.; Murphy, M.P.; Golde, T.E.; Kayed, R.; Metherate, R.; Mattson, M.P.; Akbari, Y.; LaFerla, F.M.
Triple-transgenic model of Alzheimer’s disease with plaques and tangles: Intracellular Aβ and synaptic dysfunction. Neuron
2003, 39, 409–421. [CrossRef]

4. Oakley, H.; Cole, S.L.; Logan, S.; Maus, E.; Shao, P.; Craft, J.; Guillozet-Bongaarts, A.; Ohno, M.; Disterhoft, J.; Van Eldik, L.;
et al. Intraneuronal β-amyloid aggregates, neurodegeneration, and neuron loss in transgenic mice with five familial Alzheimer’s
disease mutations: Potential factors in amyloid plaque formation. J. Neurosci. 2006, 26, 10129–10140. [CrossRef] [PubMed]

5. Knobloch, M.; Konietzko, U.; Krebs, D.C.; Nitsch, R.M. Intracellular Aβ and cognitive deficits precede β-amyloid deposition in
transgenic arcAβ mice. Neurobiol. Aging 2007, 28, 1297–1306. [CrossRef]

6. Billings, L.M.; Oddo, S.; Green, K.N.; McGaugh, J.L.; LaFerla, F.M. Intraneuronal Aβ Causes the Onset of Early Alzheimer’s
Disease-Related Cognitive Deficits in Transgenic Mice. Neuron 2005, 45, 675–688. [CrossRef] [PubMed]

7. Younkin, S.G. The role of Aβ42 in Alzheimer’s disease. J. Physiol. Paris 1998, 92, 289–292. [CrossRef]
8. Zhang, Y.; McLaughlin, R.; Goodyer, C.G.; Leblanc, A.C. Selective cytotoxicity of intracellular amyloid β peptide1–42 through

p53 and Bax in cultured primary human neurons. J. Cell Biol. 2002, 156, 519–529. [CrossRef] [PubMed]
9. Walsh, D.M.; Klyubin, I.; Fadeeva, J.V.; Cullen, W.K.; Anwyl, R.; Wolfe, M.S.; Rowan, M.J.; Selkoe, D.J. Naturally secreted

oligomers of amyloid beta protein potently inhibit hippocampal long-term potentiation in vivo. Nature 2002, 416, 535–539.
[CrossRef]

http://doi.org/10.1046/j.1365-2559.2001.01082.x
http://www.ncbi.nlm.nih.gov/pubmed/11207825
http://doi.org/10.1016/S0304-3940(01)01876-6
http://doi.org/10.1016/S0896-6273(03)00434-3
http://doi.org/10.1523/JNEUROSCI.1202-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/17021169
http://doi.org/10.1016/j.neurobiolaging.2006.06.019
http://doi.org/10.1016/j.neuron.2005.01.040
http://www.ncbi.nlm.nih.gov/pubmed/15748844
http://doi.org/10.1016/S0928-4257(98)80035-1
http://doi.org/10.1083/jcb.200110119
http://www.ncbi.nlm.nih.gov/pubmed/11815632
http://doi.org/10.1038/416535a


Int. J. Mol. Sci. 2021, 22, 4976 13 of 20

10. Hu, X.; Crick, S.L.; Bu, G.; Frieden, C.; Pappu, R.V.; Lee, J.-M. Amyloid seeds formed by cellular uptake, concentration, and
aggregation of the amyloid-β peptide. Proc. Natl. Acad. Sci. USA 2009, 106, 20324–20329. [CrossRef] [PubMed]

11. Friedrich, R.P.; Tepper, K.; Rönicke, R.; Soom, M.; Westermann, M.; Reymann, K.; Kaether, C.; Fändrich, M. Mechanism of amyloid
plaque formation suggests an intracellular basis of Aβ pathogenicity. Proc. Natl. Acad. Sci. USA 2010, 107, 1942–1947. [CrossRef]

12. Jin, S.; Kedia, N.; Illes-Toth, E.; Haralampiev, I.; Prisner, S.; Herrmann, A.; Wanker, E.E.; Bieschke, J. Amyloid-β(1–42) Aggregation
Initiates Its Cellular Uptake and Cytotoxicity. J. Biol. Chem. 2016, 291, 19590–19606. [CrossRef]

13. Bahr, B.A.; Hoffman, K.B.; Yang, A.J.; Hess, U.S.; Glabe, C.G.; Lynch, G. Amyloid β protein is internalized selectively by
hippocampal field CA1 and causes neurons to accumulate amyloidogenic carboxyterminal fragments of the amyloid precursor
protein. J. Comp. Neurol. 1998, 397, 139–147. [CrossRef]

14. Tang, B.L. Neuronal protein trafficking associated with Alzheimer disease: From APP and BACE1 to glutamate receptors. Cell
Adhes. Migr. 2009, 3, 118–128. [CrossRef]

15. Zerbinatti, C.V.; Wahrle, S.E.; Kim, H.; Cam, J.A.; Bales, K.; Paul, S.M.; Holtzman, D.M.; Bu, G. Apolipoprotein E and Low Density
Lipoprotein Receptor-related Protein Facilitate Intraneuronal Aβ42 Accumulation in Amyloid Model Mice. J. Biol. Chem. 2006,
281, 36180–36186. [CrossRef]

16. Fuentealba, R.A.; Liu, Q.; Zhang, J.; Kanekiyo, T.; Hu, X.; Lee, J.-M.; Ladu, M.J.; Bu, G. Low-Density Lipoprotein Receptor-Related
Protein 1 (LRP1) Mediates Neuronal Aβ42 Uptake and Lysosomal Trafficking. PLoS ONE 2010, 5, e11884. [CrossRef]

17. Maier, W.; Bednorz, M.; Meister, S.; Roebroek, A.; Weggen, S.; Schmitt, U.; Pietrzik, C.U. LRP1 is critical for the surface distribution
and internalization of the NR2B NMDA receptor subtype. Mol. Neurodegener. 2013, 8, 25. [CrossRef]

18. Martin, A.M.; Kuhlmann, C.; Trossbach, S.; Jaeger, S.; Waldron, E.; Roebroek, A.; Luhmann, H.J.; Laatsch, A.; Weggen, S.;
Lessmann, V.; et al. The functional role of the second NPXY motif of the LRP1 beta-chain in tissue-type plasminogen activator-
mediated activation of N-methyl-D-aspartate receptors. J. Biol. Chem. 2008, 283, 12004–12013. [CrossRef]

19. Mantuano, E.; Lam, M.S.; Shibayama, M.; Campana, W.M.; Gonias, S.L. The NMDA receptor functions independently and as an
LRP1 co-receptor to promote Schwann cell survival and migration. J. Cell Sci. 2015, 128, 3478–3488. [CrossRef]

20. Lai, A.Y.; McLaurin, J. Mechanisms of Amyloid-Beta Peptide Uptake by Neurons: The Role of Lipid Rafts and Lipid Raft-
Associated Proteins. Int. J. Alzheimer’s Dis. 2011, 2011, 1–11. [CrossRef]

21. Xia, Z.; Storm, D.R. The role of calmodulin as a signal integrator for synaptic plasticity. Nat. Rev. Neurosci. 2005, 6, 267–276.
[CrossRef] [PubMed]

22. Biber, A.; Schmid, G.; Hempel, K. Calmodulin content in specific brain areas. Exp. Brain Res. 1984, 56, 323–326. [CrossRef]
[PubMed]

23. Corbacho, I.; Berrocal, M.; Török, K.; Mata, A.M.; Gutierrez-Merino, C. High affinity binding of amyloid β-peptide to cal-modulin:
Structural and functional implications. Biochem. Biophys. Res. Commun. 2017, 486, 992–997. [CrossRef] [PubMed]

24. Poejo, J.; Salazar, J.; Mata, A.; Gutierrez-Merino, C. Binding of Amyloid β(1–42)-Calmodulin Complexes to Plasma Membrane
Lipid Rafts in Cerebellar Granule Neurons Alters Resting Cytosolic Calcium Homeostasis. Int. J. Mol. Sci. 2021, 22, 1984.
[CrossRef] [PubMed]

25. Laurén, J.; Gimbel, D.A.; Nygaard, H.B.; Gilbert, J.W.; Strittmatter, S.M. Cellular prion protein mediates impairment of synaptic
plasticity by amyloid-β oligomers. Nat. Cell Biol. 2009, 457, 1128–1132. [CrossRef] [PubMed]

26. Dunning, C.J.; McGauran, G.; Willén, K.; Gouras, G.K.; O’Connell, D.J.; Linse, S. Direct High Affinity Interaction between Aβ42
and GSK3α Stimulates Hyperphosphorylation of Tau. A New Molecular Link in Alzheimer’s Disease? ACS Chem. Neurosci. 2015,
7, 161–170. [CrossRef]

27. McLachlan, D.R.C.; Wong, L.; Bergeron, C.; Baimbridge, K.G. Calmodulin and Calbindin D28K in Alzheimer Disease. Alzheimer
Dis. Assoc. Disord. 1987, 1, 171–179. [CrossRef]

28. Khachaturian, Z.S. Calcium Hypothesis of Alzheimer’s Disease and Brain Aging. Ann. N. Y. Acad. Sci. 1994, 747, 1–11. [CrossRef]
29. Kuchibhotla, K.V.; Goldman, S.T.; Lattarulo, C.R.; Wu, H.-Y.; Hyman, B.T.; Bacskai, B.J. Aβ Plaques Lead to Aberrant Regulation

of Calcium Homeostasis In Vivo Resulting in Structural and Functional Disruption of Neuronal Networks. Neuron 2008, 59,
214–225. [CrossRef]

30. Lopez, J.R.; Lyckman, A.; Oddo, S.; LaFerla, F.M.; Querfurth, H.W.; Shtifman, A. Increased intraneuronal resting [Ca2+] in adult
Alzheimer’s disease mice. J. Neurochem. 2008, 105, 262–271. [CrossRef]

31. Berridge, M.J. Calcium Signalling and Alzheimer’s Disease. Neurochem Res. 2011, 36, 1149–1156. [CrossRef]
32. Berridge, M.J. Neuronal Calcium Signaling. Neuron 1998, 21, 13–26. [CrossRef]
33. Garcia, M.L.; Strehler, E.E. Plasma membrane calcium ATPases as critical regulators of calcium homeostasis during neuronal cell

function. Front. Biosci. 1999, 4, D869–D882. [CrossRef]
34. LaFerla, F.M. Calcium dyshomeostasis and intracellular signalling in Alzheimer’s disease. Nat. Rev. Neurosci. 2002, 3, 862–872.

[CrossRef]
35. Brini, M.; Carafoli, E. Calcium Pumps in Health and Disease. Physiol. Rev. 2009, 89, 1341–1378. [CrossRef]
36. Gutierrez-Merino, C.; Marques-Da-Silva, D.; Fortalezas, S.; Samhan-Arias, A.K. Cytosolic Calcium Homeostasis in Neurons—

Control Systems, Modulation by Reactive Oxygen and Nitrogen Species, and Space and Time Fluctuations. In Neurochemistry;
Heinbockel, T., Ed.; InTech: Rijeka, Croatia, 2014; Chapter 3; pp. 59–110.

http://doi.org/10.1073/pnas.0911281106
http://www.ncbi.nlm.nih.gov/pubmed/19910533
http://doi.org/10.1073/pnas.0904532106
http://doi.org/10.1074/jbc.M115.691840
http://doi.org/10.1002/(SICI)1096-9861(19980720)397:1&lt;139::AID-CNE10&gt;3.0.CO;2-K
http://doi.org/10.4161/cam.3.1.7254
http://doi.org/10.1074/jbc.M604436200
http://doi.org/10.1371/journal.pone.0011884
http://doi.org/10.1186/1750-1326-8-25
http://doi.org/10.1074/jbc.M707607200
http://doi.org/10.1242/jcs.173765
http://doi.org/10.4061/2011/548380
http://doi.org/10.1038/nrn1647
http://www.ncbi.nlm.nih.gov/pubmed/15803158
http://doi.org/10.1007/BF00236287
http://www.ncbi.nlm.nih.gov/pubmed/6479265
http://doi.org/10.1016/j.bbrc.2017.03.151
http://www.ncbi.nlm.nih.gov/pubmed/28363865
http://doi.org/10.3390/ijms22041984
http://www.ncbi.nlm.nih.gov/pubmed/33671444
http://doi.org/10.1038/nature07761
http://www.ncbi.nlm.nih.gov/pubmed/19242475
http://doi.org/10.1021/acschemneuro.5b00262
http://doi.org/10.1097/00002093-198701030-00009
http://doi.org/10.1111/j.1749-6632.1994.tb44398.x
http://doi.org/10.1016/j.neuron.2008.06.008
http://doi.org/10.1111/j.1471-4159.2007.05135.x
http://doi.org/10.1007/s11064-010-0371-4
http://doi.org/10.1016/S0896-6273(00)80510-3
http://doi.org/10.2741/Garcia
http://doi.org/10.1038/nrn960
http://doi.org/10.1152/physrev.00032.2008


Int. J. Mol. Sci. 2021, 22, 4976 14 of 20

37. Marques-Da-Silva, D.; Gutierrez-Merino, C. Caveolin-rich lipid rafts of the plasma membrane of mature cerebellar granule
neurons are microcompartments for calcium/reactive oxygen and nitrogen species cross-talk signaling. Cell Calcium 2014, 56,
108–123. [CrossRef]

38. Chin, D.; Means, A.R. Calmodulin: A prototypical calcium sensor. Trends Cell Biol. 2000, 10, 322–328. [CrossRef]
39. Crivic, A.; Ikura, M. Molecular and structural basis of target recognition by calmodulin. Annu. Rev. Biophys. Biomol. Struct. 1995,

24, 85–116. [CrossRef]
40. Zhang, M.; Tanaka, T.; Ikura, M. Calcium-induced conformational transition revealed by the solution structure of apo calmodulin.

Nature 1995, 2, 758–767. [CrossRef]
41. Kaleka, K.S.; Petersen, A.N.; Florence, M.A.; Gerges, N.Z. Pull-down of Calmodulin-binding Proteins. J. Vis. Exp. 2012, 59, e3502.

[CrossRef]
42. Lopreiato, R.; Giacomello, M.; Carafoli, E. The Plasma Membrane Calcium Pump: New Ways to Look at an Old Enzyme. J. Biol.

Chem. 2014, 289, 10261–10268. [CrossRef] [PubMed]
43. Mata, A.M. Functional interplay between plasma membrane Ca2+-ATPase, amyloid β-peptide and tau. Neurosci. Lett. 2018, 663,

55–59. [CrossRef]
44. Padilla, R.; Maccioni, R.; Avila, J. Calmodulin binds to a tubulin binding site of the microtubule-associated protein tau. Mol. Cell.

Biochem. 1990, 97, 35–41. [CrossRef]
45. O’Day, D.H.; Eshak, K.; Myre, M.A. Calmodulin Binding Proteins and Alzheimer’s Disease. J. Alzheimer’s Dis. 2015, 46, 553–569.

[CrossRef] [PubMed]
46. Yu, D.-Y.; Tong, L.; Song, G.-J.; Lin, W.-L.; Zhang, L.-Q.; Bai, W.; Gong, H.; Yin, Y.-X.; Wei, Q. Tau binds both subunits of calcineurin,

and binding is impaired by calmodulin. Biochim. Biophys. Acta Mol. Cell Res. 2008, 1783, 2255–2261. [CrossRef] [PubMed]
47. Hammond, J.W.; Cai, D.; Verhey, K.J. Tubulin modifications and their cellular functions. Curr. Opin. Cell Biol. 2008, 20, 71–76.

[CrossRef]
48. Sánchez, C.; Dıaz-Nido, J.; Avila, J. Phosphorylation of microtubule-associated protein 2 (MAP2) and its relevance for the

regulation of the neuronal cytoskeleton function. Prog. Neurobiol. 2000, 61, 133–168. [CrossRef]
49. Wayman, G.A.; Lee, Y.-S.; Tokumitsu, H.; Silva, A.; Soderling, T.R. Calmodulin-Kinases: Modulators of Neuronal Development

and Plasticity. Neuron 2008, 59, 914–931. [CrossRef]
50. Erondu, N.E.; Kennedy, M.B. Regional distribution of type II Ca2+/calmodulin-dependent protein kinase in rat brain. J. Neurosci.

1985, 5, 3270–3277. [CrossRef]
51. Takemoto-Kimura, S.; Suzuki, K.; Horigane, S.-I.; Kamijo, S.; Inoue, M.; Sakamoto, M.; Fujii, H.; Bito, H. Calmodulin kinases:

Essential regulators in health and disease. J. Neurochem. 2017, 141, 808–818. [CrossRef]
52. Bayer, K.U.; Schulman, H. CaM Kinase: Still Inspiring at 40. Neuron 2019, 103, 380–394. [CrossRef]
53. Coultrap, S.J.; Bayer, K.U. CaMKII regulation in information processing and storage. Trends Neurosci. 2012, 35, 607–618. [CrossRef]
54. Zalcman, G.; Federman, N.; Romano, A. CaMKII Isoforms in Learning and Memory: Localization and Function. Front. Mol.

Neurosci. 2018, 11, 445. [CrossRef]
55. Matsuo, N.; Yamasaki, N.; Ohira, K.; Keizo, T.; Keiko, T.; Megumi, E.; Shun, Y.; Tsuyoshi, M. Neural activity changes under-lying

the working memory deficit in alpha-CaMKII heterozygous knockout mice. Front. Behav. Neurosci. 2009, 3, 1–10. [CrossRef]
56. Hudmon, A.; Schulman, H. Neuronal Ca2+/Calmodulin-Dependent Protein Kinase II: The Role of Structure and Autoregulation

in Cellular Function. Annu. Rev. Biochem. 2002, 71, 473–510. [CrossRef]
57. Malinow, R.; Schulman, H.; Tsien, R.W. Inhibition of postsynaptic PKC or CaMKII blocks induction but not expression of LTP.

Science 1989, 245, 862–866. [CrossRef]
58. Silva, A.J.; Paylor, R.; Wehner, J.M.; Tonegawa, S. Impaired spatial learning in α-calcium-calmodulin kinase II mutant mice.

Science 1992, 257, 206–211. [CrossRef]
59. Bach, M.E.; Hawkins, R.D.; Osman, M.; Kandel, E.R.; Mayford, M. Impairment of spatial but not contextual memory in CaMKII

mutant mice with a selective loss of hippocampal ltp in the range of the θ frequency. Cell 1995, 81, 905–915. [CrossRef]
60. Mayford, M.; Bach, M.E.; Huang, Y.-Y.; Wang, L.; Hawkins, R.D.; Kandel, E.R. Control of Memory Formation Through Regulated

Expression of a CaMKII Transgene. Science 1996, 274, 1678–1683. [CrossRef]
61. Frankland, P.W.; O’Brien, C.; Ohno, M.; Kirkwood, A.; Silva, A.J. α-CaMKII-dependent plasticity in the cortex is required for

permanent memory. Nature 2001, 411, 309–313. [CrossRef]
62. Wang, H.; Shimizu, E.; Tang, Y.-P.; Cho, M.; Kyin, M.; Zuo, W.; Robinson, D.A.; Alaimo, P.J.; Zhang, C.; Morimoto, H.; et al.

Inducible protein knockout reveals temporal requirement of CaMKII reactivation for memory consolidation in the brain. Proc.
Natl. Acad. Sci. USA 2003, 100, 4287–4292. [CrossRef] [PubMed]

63. Elgersma, Y.; Sweatt, J.D.; Giese, K.P. Mouse Genetic Approaches to Investigating Calcium/Calmodulin-Dependent Protein
Kinase II Function in Plasticity and Cognition. J. Neurosci. 2004, 24, 8410–8415. [CrossRef] [PubMed]

64. Sharma, R.K.; Parameswaran, S. Calmodulin-binding proteins: A journey of 40 years. Cell Calcium 2018, 75, 89–100. [CrossRef]
65. Klee, C.B.; Ren, H.; Wang, X. Regulation of the Calmodulin-stimulated Protein Phosphatase, Calcineurin. J. Biol. Chem. 1998, 273,

13367–13370. [CrossRef]
66. Baumgärtel, K.; Mansuy, I.M. Neural functions of calcineurin in synaptic plasticity and memory. Learn. Mem. 2012, 19, 375–384.

[CrossRef] [PubMed]

http://doi.org/10.1016/j.ceca.2014.06.002
http://doi.org/10.1016/S0962-8924(00)01800-6
http://doi.org/10.1146/annurev.bb.24.060195.000505
http://doi.org/10.1038/nsb0995-758
http://doi.org/10.3791/3502
http://doi.org/10.1074/jbc.O114.555565
http://www.ncbi.nlm.nih.gov/pubmed/24570005
http://doi.org/10.1016/j.neulet.2017.08.004
http://doi.org/10.1007/BF00231699
http://doi.org/10.3233/JAD-142772
http://www.ncbi.nlm.nih.gov/pubmed/25812852
http://doi.org/10.1016/j.bbamcr.2008.06.015
http://www.ncbi.nlm.nih.gov/pubmed/18639592
http://doi.org/10.1016/j.ceb.2007.11.010
http://doi.org/10.1016/S0301-0082(99)00046-5
http://doi.org/10.1016/j.neuron.2008.08.021
http://doi.org/10.1523/JNEUROSCI.05-12-03270.1985
http://doi.org/10.1111/jnc.14020
http://doi.org/10.1016/j.neuron.2019.05.033
http://doi.org/10.1016/j.tins.2012.05.003
http://doi.org/10.3389/fnmol.2018.00445
http://doi.org/10.3389/neuro.08.020.2009
http://doi.org/10.1146/annurev.biochem.71.110601.135410
http://doi.org/10.1126/science.2549638
http://doi.org/10.1126/science.1321493
http://doi.org/10.1016/0092-8674(95)90010-1
http://doi.org/10.1126/science.274.5293.1678
http://doi.org/10.1038/35077089
http://doi.org/10.1073/pnas.0636870100
http://www.ncbi.nlm.nih.gov/pubmed/12646704
http://doi.org/10.1523/JNEUROSCI.3622-04.2004
http://www.ncbi.nlm.nih.gov/pubmed/15456813
http://doi.org/10.1016/j.ceca.2018.09.002
http://doi.org/10.1074/jbc.273.22.13367
http://doi.org/10.1101/lm.027201.112
http://www.ncbi.nlm.nih.gov/pubmed/22904368


Int. J. Mol. Sci. 2021, 22, 4976 15 of 20

67. Solà, C.; Tusell, J.M.; Serratosa, J. Comparative study of the distribution of calmodulin kinase II and calcineurin in the mouse
brain. J. Neurosci. Res. 1999, 57, 651–662. [CrossRef]

68. Kuno, T.; Mukai, H.; Ito, A.; Chang, D.; Kishima, K.; Saito, N.; Tanaka, C. Distinct Cellular Expression of Calcineurin Aα and Aβ

in Rat Brain. J. Neurochem. 1992, 58, 1643–1651. [CrossRef] [PubMed]
69. Groth, R.D.; Dunbar, R.L.; Mermelstein, P.G. Calcineurin regulation of neuronal plasticity. Biochem. Biophys. Res. Commun. 2003,

311, 1159–1171. [CrossRef]
70. Wang, H.; Storm, D.R. Calmodulin-Regulated Adenylyl Cyclases: Cross-Talk and Plasticity in the Central Nervous System. Mol.

Pharmacol. 2003, 63, 463–468. [CrossRef]
71. Conti, A.C.; Maas, J.W.; Muglia, L.M.; Dave, B.A.; Vogt, S.K.; Tran, T.T.; Rayhel, E.J.; Muglia, L.J. Distinct regional and sub-cellular

localization of adenylyl cyclases type 1 and 8 in mouse brain. Neuroscience 2007, 146, 713–729. [CrossRef]
72. Zhou, L.; Zhu, D.-Y. Neuronal nitric oxide synthase: Structure, subcellular localization, regulation, and clinical implications.

Nitric Oxide 2009, 20, 223–230. [CrossRef]
73. Chen, J.; Tu, Y.; Moon, C.; Matarazzo, V.; Palmer, A.M.; Ronnett, G.V. The localization of neuronal nitric oxide synthase may

influence its role in neuronal precursor proliferation and synaptic maintenance. Dev. Biol. 2004, 269, 165–182. [CrossRef]
74. Xia, Z.; Refsdal, C.D.; Merchant, K.M.; Dorsa, D.M.; Storm, D.R. Distribution of mRNA for the calmodulin-sensitive adenylate

cyclase in rat brain: Expression in areas associated with learning and memory. Neuron 1991, 6, 431–443. [CrossRef]
75. Wu, Z.; Wong, S.T.; Storm, D.R. Modification of the calcium and calmodulin sensitivity of the type I adenylyl cyclase by

mu-tagenesis of its calmodulin binding domain. J. Biol. Chem. 1993, 268, 23766–23768. [CrossRef]
76. Nielsen, M.D.; Chan, G.C.K.; Poser, S.W.; Storm, D.R. Differential Regulation of Type I and Type VIII Ca2+-stimulated Adenylyl

Cyclases by Gi-coupled Receptors in Vivo. J. Biol. Chem. 1996, 271, 33308–33316. [CrossRef]
77. Wong, S.T.; Athos, J.; Figueroa, X.A.; Pineda, V.V.; Schaefer, M.L.; Chavkin, C.C.; Muglia, L.J.; Storm, D.R. Calcium-Stimulated

Adenylyl Cyclase Activity Is Critical for Hippocampus-Dependent Long-Term Memory and Late Phase LTP. Neuron 1999, 23,
787–798. [CrossRef]

78. Wang, H.; Ferguson, G.D.; Pineda, V.V.; Cundiff, P.E.; Storm, D.R. Overexpression of type-1 adenylyl cyclase in mouse fore-brain
enhances recognition memory and LTP. Nat. Neurosci. 2004, 7, 635–642. [CrossRef]

79. Goraya, T.A.; Masada, N.; Ciruela, A.; Willoughby, D.; Clynes, M.A.; Cooper, D.M.F. Kinetic properties of Ca2+/calmodulin-
dependent phosphodiesterase isoforms dictate intracellular cAMP dynamics in response to elevation of cy-tosolic Ca2+. Cell
Signal. 2008, 20, 359–374. [CrossRef]

80. Yue, D. Towards a unified theory of calmodulin regulation (calmodulation) of voltage-gated calcium and sodium channels. Curr.
Mol. Pharmacol. 2016, 8, 188–205.

81. Turner, R.W.; Anderson, D.; Zamponi, G.W. Signaling complexes of voltage-gated calcium channels. Channels 2011, 5, 440–448.
[CrossRef]

82. Berger, S.M.; Bartsch, D. The role of L-type voltage-gated calcium channels Cav1.2 and Cav1.3 in normal and pathological brain
function. Cell Tissue Res. 2014, 357, 463–476. [CrossRef]

83. Nanou, E.; Catterall, W.A. Calcium Channels, Synaptic Plasticity, and Neuropsychiatric Disease. Neuron 2018, 98, 466–481.
[CrossRef]

84. Hell, J.W.; Westenbroek, R.E.; Warner, C.; Ahlijanian, M.K.; Prystay, W.; Gilbert, M.M.; Snutch, T.P.; Catterall, W.A. Identi-fication
and differential subcellular localization of the neuronal class C and class D L-type calcium channel α1 subunits. J. Cell Biol. 1993,
123, 949–962. [CrossRef] [PubMed]

85. Liang, H.; DeMaria, C.D.; Erickson, M.G.; Mori, M.X.; Alseikhan, B.A.; Yue, D.T. Unified Mechanisms of Ca2+ Regulation across
the Ca2+ Channel Family. Neuron 2003, 39, 951–960. [CrossRef]

86. Striessnig, J.; Pinggera, A.; Kaur, G.; Bock, G.; Tuluc, P. L-type Ca2+ channels in heart and brain. Wiley Interdiscip. Rev. Membr.
Transp. Signal. 2014, 3, 15–38. [CrossRef] [PubMed]

87. Yang, P.S.; Alseikhan, B.A.; Hiel, H.; Grant, L.; Mori, M.X.; Yang, W.; Fuchs, P.A.; Yue, D.T. Switching of Ca2+-Dependent
Inactivation of CaV1.3 Channels by Calcium Binding Proteins of Auditory Hair Cells. J. Neurosci. 2006, 26, 10677–10689.
[CrossRef] [PubMed]

88. Berberich, S.; Punnakkal, P.; Jensen, V.; Pawlak, V.; Seeburg, P.H.; Hvalby, Ø.; Köhr, G. Lack of NMDA Receptor Subtype
Selectivity for Hippocampal Long-Term Potentiation. J. Neurosci. 2005, 25, 6907–6910. [CrossRef] [PubMed]

89. Fox, C.J.; Russell, K.I.; Wang, Y.T.; Christie, B.R. Contribution of NR2A and NR2B NMDA subunits to bidirectional synaptic
plasticity in the hippocampus in vivo. Hippocampus 2006, 16, 907–915. [CrossRef]

90. Tang, Y.-P.; Shimizu, E.; Dube, G.R.; Rampon, C.; Kerchner, G.A.; Zhuo, M.; Liu, G.; Tsien, J.Z. Genetic enhancement of learning
and memory in mice. Nat. Cell Biol. 1999, 401, 63–69. [CrossRef]

91. Iacobucci, G.J.; Popescu, G.K. Resident Calmodulin Primes NMDA Receptors for Ca2+-Dependent Inactivation. Biophys. J. 2017,
113, 2236–2248. [CrossRef]

92. Ehlers, M.D.; Zhang, S.; Bernhardt, J.P.; Huganir, R.L. Inactivation of NMDA Receptors by Direct Interaction of Calmodulin with
the NR1 Subunit. Cell 1996, 84, 745–755. [CrossRef]

93. Wang, C.; Wang, H.-G.; Xie, H.; Pitt, G.S. Ca2+/CaM Controls Ca2+-Dependent Inactivation of NMDA Receptors by Dimerizing
the NR1 C Termini. J. Neurosci. 2008, 28, 1865–1870. [CrossRef]

http://doi.org/10.1002/(SICI)1097-4547(19990901)57:5&lt;651::AID-JNR7&gt;3.0.CO;2-G
http://doi.org/10.1111/j.1471-4159.1992.tb10036.x
http://www.ncbi.nlm.nih.gov/pubmed/1313851
http://doi.org/10.1016/j.bbrc.2003.09.002
http://doi.org/10.1124/mol.63.3.463
http://doi.org/10.1016/j.neuroscience.2007.01.045
http://doi.org/10.1016/j.niox.2009.03.001
http://doi.org/10.1016/j.ydbio.2004.01.024
http://doi.org/10.1016/0896-6273(91)90251-T
http://doi.org/10.1016/S0021-9258(20)80447-5
http://doi.org/10.1074/jbc.271.52.33308
http://doi.org/10.1016/S0896-6273(01)80036-2
http://doi.org/10.1038/nn1248
http://doi.org/10.1016/j.cellsig.2007.10.024
http://doi.org/10.4161/chan.5.5.16473
http://doi.org/10.1007/s00441-014-1936-3
http://doi.org/10.1016/j.neuron.2018.03.017
http://doi.org/10.1083/jcb.123.4.949
http://www.ncbi.nlm.nih.gov/pubmed/8227151
http://doi.org/10.1016/S0896-6273(03)00560-9
http://doi.org/10.1002/wmts.102
http://www.ncbi.nlm.nih.gov/pubmed/24683526
http://doi.org/10.1523/JNEUROSCI.3236-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/17050707
http://doi.org/10.1523/JNEUROSCI.1905-05.2005
http://www.ncbi.nlm.nih.gov/pubmed/16033900
http://doi.org/10.1002/hipo.20230
http://doi.org/10.1038/43432
http://doi.org/10.1016/j.bpj.2017.06.035
http://doi.org/10.1016/S0092-8674(00)81052-1
http://doi.org/10.1523/JNEUROSCI.5417-07.2008


Int. J. Mol. Sci. 2021, 22, 4976 16 of 20

94. Barcomb, K.; Hell, J.W.; Benke, T.A.; Bayer, K.U. The CaMKII/GluN2B Protein Interaction Maintains Synaptic Strength. J. Biol.
Chem. 2016, 291, 16082–16089. [CrossRef]

95. Zhou, Y.; Takahashi, E.; Li, W.; Halt, A.; Wiltgen, B.; Ehninger, D.; Li, G.-D.; Hell, J.W.; Kennedy, M.B.; Silva, A.J. Interactions
between the NR2B Receptor and CaMKII Modulate Synaptic Plasticity and Spatial Learning. J. Neurosci. 2007, 27, 13843–13853.
[CrossRef]

96. Halt, A.R.; Dallapiazza, R.F.; Zhou, Y.; Stein, I.S.; Qian, H.; Juntti, S.; Wojcik, S.; Brose, N.; Silva, A.J.; Hell, J.W. CaMKII binding to
GluN2B is critical during memory consolidation. EMBO J. 2012, 31, 1203–1216. [CrossRef]

97. Lei, S.; Czerwinska, E.; Czerwinski, W.; Walsh, M.P.; Macdonald, J.F. Regulation of NMDA Receptor Activity by F-Actin and
Myosin Light Chain Kinase. J. Neurosci. 2001, 21, 8464–8472. [CrossRef]

98. Li, L.; Wu, X.; Yue, H.; Zhu, Y.; Xu, J. Myosin light chain kinase facilitates endocytosis of synaptic vesicles at hippocampal boutons.
J. Neurochem. 2016, 138, 60–73. [CrossRef]

99. Liu, C.-H.; Rasband, M.N. Axonal Spectrins: Nanoscale Organization, Functional Domains and Spectrinopathies. Front. Cell.
Neurosci. 2019, 13, 234. [CrossRef]

100. Nellikka, R.K.; Sreeja, J.S.; Dharmapal, D.; John, R.; Monteiro, A.; Macedo, J.C.; Conde, C.; Logarinho, E.; Sunkel, C.E.; Sengupta, S.
α-Fodrin is required for the organization of functional microtubules during mitosis. Cell Cycle 2019, 18, 2713–2726. [CrossRef]

101. Li, S.; Tian, X.; Hartley, D.M.; Feig, L.A. Distinct Roles for Ras-Guanine Nucleotide-Releasing Factor 1 (Ras-GRF1) and Ras-GRF2
in the Induction of Long-Term Potentiation and Long-Term Depression. J. Neurosci. 2006, 26, 1721–1729. [CrossRef]

102. Manyes, L.; Holst, S.; Lozano, M.; Santos, E.; Fernandez-Medarde, A. Spatial learning and long-term memory impairments in
RasGrf1 KO, Pttg1 KO, and double KO mice. Brain Behav. 2018, 8, e01089. [CrossRef] [PubMed]

103. Nadeau, O.W.; Fontes, J.D.; Carlson, G.M. The regulation of glycogenolysis in the brain. J. Biol. Chem. 2018, 293, 7099–7107.
[CrossRef] [PubMed]

104. Paudel, H.; Zwiers, H.; Wang, J. Phosphorylase kinase phosphorylates the calmodulin-binding regulatory regions of neuronal
tissue-specific proteins B-50 (GAP-43) and neurogranin. J. Biol. Chem. 1993, 268, 6207–6213. [CrossRef]

105. Shen, Y.; Mani, S.; Donovan, S.L.; Schwob, J.E.; Meiri, K.F. Growth-Associated Protein-43 Is Required for Commissural Axon
Guidance in the Developing Vertebrate Nervous System. J. Neurosci. 2002, 22, 239–247. [CrossRef]

106. Denny, J.B. Molecular mechanisms, biological actions, and neuropharmacology of the growth-associated protein GAP-43. Curr.
Neuropharmacol. 2006, 4, 293–304. [CrossRef]

107. Apel, E.D.; Byford, M.F.; Au, D.; Walsh, K.A.; Storm, D.R. Identification of the protein kinase C phosphorylation site in
neuromodulin. Biochemistry 1990, 29, 2330–2335. [CrossRef]

108. Neuner-Jehle, M.; Denizot, J.-P.; Mallet, J. Neurogranin is locally concentrated in rat cortical and hippocampal neurons. Brain Res.
1996, 733, 149–154. [CrossRef]

109. Huang, K.-P.; Huang, F.L.; Jäger, T.; Li, J.; Reymann, K.G.; Balschun, D. Neurogranin/RC3 Enhances Long-Term Potentiation and
Learning by Promoting Calcium-Mediated Signaling. J. Neurosci. 2004, 24, 10660–10669. [CrossRef]

110. Zhong, L.; Gerges, N.Z. Neurogranin and synaptic plasticity balance. Commun. Integr. Biol. 2010, 3, 340–342. [CrossRef]
111. Díez-Guerra, F.J. Neurogranin, a link between calcium/calmodulin and protein kinase C signaling in synaptic plasticity. IUBMB

Life 2010, 62, 597–606. [CrossRef]
112. Zhabotinsky, A.M.; Camp, R.N.; Epstein, I.R.; Lisman, J.E. Role of the Neurogranin Concentrated in Spines in the Induction of

Long-Term Potentiation. J. Neurosci. 2006, 26, 7337–7347. [CrossRef]
113. Kumar, V.; Chichili, V.P.R.; Zhong, L.; Tang, X.; Velazquez-Campoy, A.; Sheu, F.S.; Seetharaman, J.; Gerges, N.Z.; Sivaraman, J.

Structural basis for the interaction of unstructured neuron specific substrates neuromodulin and neurogranin with Calmodulin.
Sci. Rep. 2013, 3, 1–9. [CrossRef]

114. Ouimet, C.C.; Hemmings, H.C.; Greengard, P. ARRP-21, a cyclic AMP-regulated phosphoprotein enriched in dopa-mine-
innervated brain regions. II. Immunocytochemical localization in rat brain. J. Neurosci. 1989, 9, 865–875. [CrossRef]

115. Girault, J.A.; Walaas, S.I.; Hemmings, H.C.; Greengard, P. ARPP-21, a cAMP-regulated phosphoprotein enriched in dopa-mine-
innervated brain regions: Tissue distribution and regulation of phosphorylation in rat brain. Neuroscience 1990, 37, 317–325.
[CrossRef]

116. Rakhilin, S.V.; Olson, P.A.; Nishi, A.; Starkova, N.N.; Fienberg, A.A.; Nairn, A.C.; Surmeier, D.J.; Greengard, P. A Network of
Control Mediated by Regulator of Calcium/Calmodulin-Dependent Signaling. Science 2004, 306, 698–701. [CrossRef]

117. Reitz, C.; Mayeux, R. Alzheimer disease: Epidemiology, diagnostic criteria, risk factors and biomarkers. Biochem. Pharmacol. 2014,
88, 640–651. [CrossRef]

118. Goate, A.; Chartier-Harlin, M.C.; Mullan, M.; Brown, J.; Crawford, F.; Fidani, L.; Giuffra, L.; Haynes, A.; Irving, N.; James, L.
Segregation of a missense mutation in the amyloid precursor protein gene with familial Alzheimer’s disease. Nature 1991, 349,
704–706. [CrossRef]

119. Schellenberg, G.; Bird, T.D.; Wijsman, E.M.; Orr, H.T.; Anderson, L.; Nemens, E.; White, J.A.; Bonnycastle, L.; Weber, J.L.;
Alonso, M.E. Genetic linkage evidence for a familial Alzheimer’s disease locus on chromosome 14. Science 1992, 258, 668–671.
[CrossRef]

120. Hardy, J.; Selkoe, D.J. The amyloid hypothesis of Alzheimer’s disease: Progress and problems on the road to therapeutics. Science
2002, 297, 353–356. [CrossRef]

http://doi.org/10.1074/jbc.M116.734822
http://doi.org/10.1523/JNEUROSCI.4486-07.2007
http://doi.org/10.1038/emboj.2011.482
http://doi.org/10.1523/JNEUROSCI.21-21-08464.2001
http://doi.org/10.1111/jnc.13635
http://doi.org/10.3389/fncel.2019.00234
http://doi.org/10.1080/15384101.2019.1656476
http://doi.org/10.1523/JNEUROSCI.3990-05.2006
http://doi.org/10.1002/brb3.1089
http://www.ncbi.nlm.nih.gov/pubmed/30259712
http://doi.org/10.1074/jbc.R117.803023
http://www.ncbi.nlm.nih.gov/pubmed/29483194
http://doi.org/10.1016/S0021-9258(18)53240-3
http://doi.org/10.1523/JNEUROSCI.22-01-00239.2002
http://doi.org/10.2174/157015906778520782
http://doi.org/10.1021/bi00461a017
http://doi.org/10.1016/0006-8993(96)00786-X
http://doi.org/10.1523/JNEUROSCI.2213-04.2004
http://doi.org/10.4161/cib.3.4.11763
http://doi.org/10.1002/iub.357
http://doi.org/10.1523/JNEUROSCI.0729-06.2006
http://doi.org/10.1038/srep01392
http://doi.org/10.1523/JNEUROSCI.09-03-00865.1989
http://doi.org/10.1016/0306-4522(90)90402-P
http://doi.org/10.1126/science.1099961
http://doi.org/10.1016/j.bcp.2013.12.024
http://doi.org/10.1038/349704a0
http://doi.org/10.1126/science.1411576
http://doi.org/10.1126/science.1072994


Int. J. Mol. Sci. 2021, 22, 4976 17 of 20

121. Supnet, C.; Bezprozvanny, L. The dysregulation of intracellular calcium in Alzheimer disease. Cell Calcium 2010, 47, 183–189.
[CrossRef]

122. Leissring, M.A.; Akbari, Y.; Fanger, C.M.; Cahalan, M.D.; Mattson, M.P.; LaFerla, F.M. Capacitative Calcium Entry Deficits and
Elevated Luminal Calcium Content in Mutant Presenilin-1 Knockin Mice. J. Cell Biol. 2000, 149, 793–798. [CrossRef] [PubMed]

123. Ryazantseva, M.; Skobeleva, K.; Kaznacheyeva, E. Familial Alzheimer’s disease-linked presenilin-1 mutation M146V affects
store-operated calcium entry: Does gain look like loss? Biochimie 2013, 95, 1506–1509. [CrossRef] [PubMed]

124. Giliberto, L.; Borghi, R.; Piccini, A.; Mangerini, R.; Sorbi, S.; Cirmena, G.; Garuti, A.; Ghetti, B.; Tagliavini, F.; Mughal, M.R.; et al.
Mutant Presenilin 1 Increases the Expression and Activity of BACE1. J. Biol. Chem. 2009, 284, 9027–9038. [CrossRef] [PubMed]

125. Buggia-Prevot, V.; Sevalle, J.; Rossner, S.; Checler, F. NFkappaB dependent control of BACE1 promoter transactivation by Abeta42.
J. Biol. Chem. 2008, 283, 10037–10047. [CrossRef]

126. Tamagno, E.; Guglielmotto, M.; Monteleone, D.; Tabaton, M. Amyloid-β Production: Major Link between Oxidative Stress and
BACE1. Neurotox. Res. 2012, 22, 208–219. [CrossRef]

127. Canobbio, I.; Catricalà, S.; Balduini, C.; Torti, M. Calmodulin regulates the non-amyloidogenic metabolism of amyloid precursor
protein in platelets. Biochim. Biophys. Acta Bioenergy 2011, 1813, 500–506. [CrossRef]

128. Díaz-Rodríguez, E.; Esparís-Ogando, A.; Monero, J.C.; Yuste, L.; Pandiella, A. Stimulation of cleavage of membrane proteins by
calmodulin inhibitors. Biochem. J. 2000, 346, 359–367. [CrossRef]

129. Hermes, M.; Eichhoff, G.; Garaschuk, O. Intracellular calcium signalling in Alzheimer’s disease. J. Cell. Mol. Med. 2009, 14, 30–41.
[CrossRef]

130. Leissring, M.A.; Parker, I.; LaFerla, F.M. Presenilin-2 Mutations Modulate Amplitude and Kinetics of Inositol 1,4,5-Trisphosphate-
mediated Calcium Signals. J. Biol. Chem. 1999, 274, 32535–32538. [CrossRef]

131. Yoo, A.S.; Cheng, I.; Chung, S.; Grenfell, T.Z.; Lee, H.; Pack-Chung, E.; Handler, M.; Shen, J.; Xia, W.; Tesco, G.; et al. Presenilin-
Mediated Modulation of Capacitative Calcium Entry. Neuron 2000, 27, 561–572. [CrossRef]

132. Popugaeva, E.; Pchitskaya, E.; Bezprozvanny, I. Dysregulation of neuronal calcium homeostasis in Alzheimer’s disease—A
therapeutic opportunity? Biochem. Biophys. Res. Commun. 2017, 483, 998–1004. [CrossRef]

133. Zeiger, W.; Vetrivel, K.S.; Buggia-Prévot, V.; Nguyen, P.D.; Wagner, S.L.; Villereal, M.L.; Thinakaran, G. Ca2+ Influx through
Store-operated Ca2+ Channels Reduces Alzheimer Disease β-Amyloid Peptide Secretion. J. Biol. Chem. 2013, 288, 26955–26966.
[CrossRef]

134. Sun, S.; Zhang, H.; Liu, J.; Popugaeva, E.; Xu, N.-J.; Feske, S.; White, C.L.; Bezprozvanny, I. Reduced Synaptic STIM2 Expression
and Impaired Store-Operated Calcium Entry Cause Destabilization of Mature Spines in Mutant Presenilin Mice. Neuron 2014, 82,
79–93. [CrossRef]

135. Tu, H.; Nelson, O.; Bezprozvanny, A.; Wang, Z.; Lee, S.; Hao, Y.; Serneels, L.; Strooper, B.D.; Yu, G.; Bezprozvanny, I. Pre-senilins
Form ER Ca2+ Leak Channels, a Function Disrupted by Familial Alzheimer’s Disease-Linked Mutations. Cell 2006, 126, 981–993.
[CrossRef]

136. Nelson, O.; Tu, H.; Lei, T.; Bentahir, M.; De Strooper, B.; Bezprozvanny, I. Familial Alzheimer disease-linked mutations spe-cifically
disrupt Ca2+ leak function of presenilin 1. J. Clin. Investig. 2007, 117, 1230–1239. [CrossRef]

137. Rybalchenko, V.; Hwang, S.-Y.; Rybalchenko, N.; Koulen, P. The cytosolic N-terminus of presenilin-1 potentiates mouse ryanodine
receptor single channel activity. Int. J. Biochem. Cell Biol. 2008, 40, 84–97. [CrossRef]

138. Namba, Y.; Tomonaga, M.; Kawasaki, H.; Otomo, E.; Ikeda, K. Apolipoprotein E immunoreactivity in cerebral amyloid deposits
and neurofibrillary tangles in Alzheimer’s disease and kuru plaque amyloid in Creutzfeldt-Jakob disease. Brain Res. 1991, 541,
163–166. [CrossRef]

139. Ohkubo, N.; Mitsuda, N.; Tamatani, M.; Yamaguchi, A.; Lee, Y.-D.; Ogihara, T.; Vitek, M.P.; Tohyama, M. Apolipoprotein E4
Stimulates cAMP Response Element-binding Protein Transcriptional Activity through the Extracellular Signal-regulated Kinase
Pathway. J. Biol. Chem. 2001, 276, 3046–3053. [CrossRef]

140. Shtifman, A.; Ward, C.W.; Laver, D.R.; Bannister, M.L.; Lopez, J.R.; Kitazawa, M.; LaFerla, F.M.; Ikemoto, N.; Querfurth, H.W.
Amyloid-beta protein impairs Ca2+ release and contractility in skeletal muscle. Neurobiol. Aging 2010, 31, 2080–2090. [CrossRef]

141. Paula-Lima, A.C.; Hidalgo, C. Amyloid beta-peptide oligomers, ryanodine receptor-mediated Ca(2+) release, and Wnt-5a/Ca(2+)
signaling: Opposing roles in neuronal mitochondrial dynamics? Front. Cell Neurosci. 2013, 7, 120–123. [CrossRef]

142. Green, K.N.; DeMuro, A.; Akbari, Y.; Hitt, B.D.; Smith, I.F.; Parker, I.; LaFerla, F.M. SERCA pump activity is physiologically
regulated by presenilin and regulates amyloid β production. J. Cell Biol. 2008, 181, 1107–1116. [CrossRef] [PubMed]

143. Krajnak, K.; Dahl, R. A new target for Alzheimer’s disease: A small molecule SERCA activator is neuroprotective in vitro and
improves memory and cognition in APP/PS1 mice. Bioorg. Med. Chem. Lett. 2018, 28, 1591–1594. [CrossRef] [PubMed]

144. Berrocal, M.; Marcos, D.; Sepúlveda, M.R.; Pérez, M.; Avila, J.; Mata, A.M. Altered Ca2+ dependence of synaptosomal plasma
membrane Ca2+-ATPase in human brain affected by Alzheimer’s disease. FASEB J. 2009, 23, 1826–1834. [CrossRef] [PubMed]

145. Berrocal, M.; Sepulveda, M.R.; Vazquez-Hernandez, M.; Mata, A.M. Calmodulin antagonizes amyloid-β peptides-mediated
inhibition of brain plasma membrane Ca2+-ATPase. Biochim. Biophys. Acta Mol. Basis Dis. 2012, 1822, 961–969. [CrossRef]

146. Wu, A.; Derrico, C.; Hatem, L.; Colvin, R. Alzheimer’s amyloid-beta peptide inhibits sodium/calcium exchange measured in rat
and human brain plasma membrane vesicles. Neuroscience 1997, 80, 675–684. [CrossRef]

147. Unlap, M.T.; Williams, C.; Morin, D.; Siroky, B.; Fintha, A.; Fuson, A.; Dodgen, L.; Kovacs, G.; Komlosi, P.; Ferguson, W.; et al.
Amyloid Beta Peptide 1-40 Stimulates the Na+/Ca2+ Exchange Activity of SNCX. Curr. Neurovascular Res. 2005, 2, 3–12. [CrossRef]

http://doi.org/10.1016/j.ceca.2009.12.014
http://doi.org/10.1083/jcb.149.4.793
http://www.ncbi.nlm.nih.gov/pubmed/10811821
http://doi.org/10.1016/j.biochi.2013.04.009
http://www.ncbi.nlm.nih.gov/pubmed/23624206
http://doi.org/10.1074/jbc.M805685200
http://www.ncbi.nlm.nih.gov/pubmed/19196715
http://doi.org/10.1074/jbc.M706579200
http://doi.org/10.1007/s12640-011-9283-6
http://doi.org/10.1016/j.bbamcr.2010.12.002
http://doi.org/10.1042/bj3460359
http://doi.org/10.1111/j.1582-4934.2009.00976.x
http://doi.org/10.1074/jbc.274.46.32535
http://doi.org/10.1016/S0896-6273(00)00066-0
http://doi.org/10.1016/j.bbrc.2016.09.053
http://doi.org/10.1074/jbc.M113.473355
http://doi.org/10.1016/j.neuron.2014.02.019
http://doi.org/10.1016/j.cell.2006.06.059
http://doi.org/10.1172/JCI30447
http://doi.org/10.1016/j.biocel.2007.06.023
http://doi.org/10.1016/0006-8993(91)91092-F
http://doi.org/10.1074/jbc.M005070200
http://doi.org/10.1016/j.neurobiolaging.2008.11.003
http://doi.org/10.3389/fncel.2013.00120
http://doi.org/10.1083/jcb.200706171
http://www.ncbi.nlm.nih.gov/pubmed/18591429
http://doi.org/10.1016/j.bmcl.2018.03.052
http://www.ncbi.nlm.nih.gov/pubmed/29602679
http://doi.org/10.1096/fj.08-121459
http://www.ncbi.nlm.nih.gov/pubmed/19144698
http://doi.org/10.1016/j.bbadis.2012.02.013
http://doi.org/10.1016/S0306-4522(97)00053-5
http://doi.org/10.2174/1567202052773472


Int. J. Mol. Sci. 2021, 22, 4976 18 of 20

148. Moriguchi, S.; Kita, S.; Fukaya, M.; Osanai, M.; Inagaki, R.; Sasaki, Y.; Izumi, H.; Horie, K.; Takeda, J.; Saito, T.; et al. Reduced ex-
pression of Na+/Ca2+ exchangers is associated with cognitive deficits seen in Alzheimer’s disease model mice. Neuropharmacology
2018, 131, 291–303. [CrossRef]

149. Sokolow, S.; Luu, S.H.; Headley, A.J.; Hanson, A.Y.; Kim, T.; Miller, C.A.; Vinters, H.V.; Gylys, K.H. High levels of synapto-somal
Na+-Ca2+ exchangers (NCX1, NCX2, NCX3) co-localized with amyloid-beta in human cerebral cortex affected by Alzheimer’s
disease. Cell Calcium 2011, 49, 208–216. [CrossRef]

150. Ferreiro, E.; Oliveira, C.R.; Pereira, C.M. The release of calcium from the endoplasmic reticulum induced by amyloid-beta and
prion peptides activates the mitochondrial apoptotic pathway. Neurobiol. Dis. 2008, 30, 331–342. [CrossRef]

151. Fonseca, A.C.R.; Ferreiro, E.; Oliveira, C.R.; Cardoso, S.M.; Pereira, C.F. Activation of the endoplasmic reticulum stress response by
the amyloid-beta 1–40 peptide in brain endothelial cells. Biochim. Biophys. Acta Mol. Basis Dis. 2013, 1832, 2191–2203. [CrossRef]

152. Magi, S.; Castaldo, P.; Macrì, M.L.; Maiolino, M.; Matteucci, A.; Bastioli, G.; Gratteri, S.; Amoroso, S.; Lariccia, V. Intracellular
Calcium Dysregulation: Implications for Alzheimer’s Disease. BioMed Res. Int. 2016, 2016, 1–14. [CrossRef]

153. Ryan, K.C.; Ashkavand, Z.; Norman, K.R. The Role of Mitochondrial Calcium Homeostasis in Alzheimer’s and Related Diseases.
Int. J. Mol. Sci. 2020, 21, 9153. [CrossRef]

154. Toglia, P.; Cheung, K.-H.; Mak, D.-O.D.; Ullah, G. Impaired mitochondrial function due to familial Alzheimer’s disease-causing
presenilins mutants via Ca2+ disruptions. Cell Calcium 2016, 59, 240–250. [CrossRef]

155. Reddy, P.H.; McWeeney, S.; Park, B.S.; Manczak, M.; Gutala, R.V.; Partovi, D.; Jung, Y.; Yau, V.; Searles, R.; Mori, M.; et al. Gene
expression profiles of transcripts in amyloid precursor protein transgenic mice: Up-regulation of mitochondrial metabolism and
apoptotic genes is an early cellular change in Alzheimer’s disease. Hum. Mol. Genet. 2004, 13, 1225–1240. [CrossRef]

156. Wang, X.; Su, B.; Siedlak, S.L.; Moreira, P.I.; Fujioka, H.; Wang, Y.; Casadesus, G.; Zhu, X. Amyloid-β overproduction causes
abnormal mitochondrial dynamics via differential modulation of mitochondrial fission/fusion proteins. Proc. Natl. Acad. Sci.
USA 2008, 105, 19318–19323. [CrossRef]

157. Wang, X.; Su, B.; Lee, H.-G.; Li, X.; Perry, G.; Smith, M.A.; Zhu, X. Impaired Balance of Mitochondrial Fission and Fusion in
Alzheimer’s Disease. J. Neurosci. 2009, 29, 9090–9103. [CrossRef]

158. Silva-Alvarez, C.; Arrázola, M.S.; Godoy, J.A.; Ordenes, D.; Inestrosa, N.C. Canonical Wnt signaling protects hippocampal
neurons from Aβ oligomers: Role of non-canonical Wnt-5a/Ca2+ in mitochondrial dynamics. Front. Cell. Neurosci. 2013, 7, 97.
[CrossRef]

159. Area-Gomez, E.; de Groof, A.J.; Boldogh, I.; Bird, T.D.; Gibson, G.E.; Koehler, C.M.; Yu, W.H.; Duff, K.E.; Yaffe, M.P.; Pon, L.A.;
et al. Presenilins Are Enriched in Endoplasmic Reticulum Membranes Associated with Mitochondria. Am. J. Pathol. 2009, 175,
1810–1816. [CrossRef]

160. Area-Gomez, E.; Castillo, M.D.C.L.; Tambini, M.D.; Guardia-Laguarta, C.; De Groof, A.J.C.; Madra, M.; Ikenouchi, J.; Umeda, M.;
Bird, T.D.; Sturley, S.L.; et al. Upregulated function of mitochondria-associated ER membranes in Alzheimer disease. EMBO J.
2012, 31, 4106–4123. [CrossRef]

161. Schon, E.A.; Area-Gomez, E. Mitochondria-associated ER membranes in Alzheimer disease. Mol. Cell. Neurosci. 2013, 55, 26–36.
[CrossRef]

162. Schreiner, B.; Hedskog, L.; Wiehager, B.; Ankarcrona, M. Amyloid-β peptides are generated in mitochondria-associated en-
doplasmic reticulum membranes. J. Alzheimer’s Dis. 2015, 43, 369–374. [CrossRef]

163. Min, D.; Guo, F.; Zhu, S.; Xu, X.; Mao, X.; Cao, Y.; Lv, X.; Gao, Q.; Wang, L.; Chen, T.; et al. The alterations of
Ca2+/calmodulin/CaMKII/CaV1.2 signaling in experimental models of Alzheimer’s disease and vascular dementia.
Neurosci Lett. 2013, 538, 60–65. [CrossRef]

164. Ghosh, A.; Giese, K.P. Calcium/calmodulin-dependent kinase II and Alzheimer’s disease. Mol. Brain 2015, 8, 1–7. [CrossRef]
165. Zhao, D.; Watson, J.B.; Xie, C.-W. Amyloid β Prevents Activation of Calcium/Calmodulin-Dependent Protein Kinase II and

AMPA Receptor Phosphorylation During Hippocampal Long-Term Potentiation. J. Neurophysiol. 2004, 92, 2853–2858. [CrossRef]
166. Gandy, S.; Czernik, A.J.; Greengard, P. Phosphorylation of Alzheimer disease amyloid precursor peptide by protein kinase C and

Ca2+/calmodulin-dependent protein kinase II. Proc. Natl. Acad. Sci. USA 1988, 85, 6218–6221. [CrossRef]
167. Sengupta, A.; Kabat, J.; Novak, M.; Wu, Q.; Grundke-Iqbal, I.; Iqbal, K. Phosphorylation of tau at both Thr 231 and Ser 262 is

required for maximal inhibition of its binding to microtubules. Arch. Biochem. Biophys. 1998, 357, 299–309. [CrossRef]
168. Wang, J.Z.; Grundke-Iqbal, I.; Iqbal, K. Kinases and phosphatases and tau sites involved in Alzheimer neurofibrillary degen-

eration. Eur. J. Neurosci. 2007, 25, 59–68. [CrossRef]
169. Phiel, C.J.; Wilson, C.A.; Lee, V.M.; Klein, P.S. GSK-3alpha regulates production of Alzheimer’s disease amyloid-beta peptides.

Nature 2003, 423, 435–439. [CrossRef]
170. Hayashi, Y.; Nishio, M.; Naito, Y.; Yokokura, H.; Nimura, Y.; Hidaka, H.; Watanabe, Y. Regulation of Neuronal Nitric-oxide

Synthase by Calmodulin Kinases. J. Biol. Chem. 1999, 274, 20597–20602. [CrossRef]
171. El-Mlili, N.; Rodrigo, R.; NaghiZadeh, B.; Cauli, O.; Felipo, V. Chronic hyperammonemia reduces the activity of neuronal nitric

oxide synthase in cerebellum by altering its localization and increasing its phosphorylation by calcium-calmodulin kinase II. J.
Neurochem. 2008, 106, 1440–1449. [CrossRef]

172. Lei, S.Z.; Pan, Z.-H.; Aggarwal, S.K.; Chen, H.-S.V.; Hartman, J.; Sucher, N.J.; Lipton, S.A. Effect of nitric oxide production on the
redox modulatory site of the NMDA receptor-channel complex. Neuron 1992, 8, 1087–1099. [CrossRef]

http://doi.org/10.1016/j.neuropharm.2017.12.037
http://doi.org/10.1016/j.ceca.2010.12.008
http://doi.org/10.1016/j.nbd.2008.02.003
http://doi.org/10.1016/j.bbadis.2013.08.007
http://doi.org/10.1155/2016/6701324
http://doi.org/10.3390/ijms21239153
http://doi.org/10.1016/j.ceca.2016.02.013
http://doi.org/10.1093/hmg/ddh140
http://doi.org/10.1073/pnas.0804871105
http://doi.org/10.1523/JNEUROSCI.1357-09.2009
http://doi.org/10.3389/fncel.2013.00097
http://doi.org/10.2353/ajpath.2009.090219
http://doi.org/10.1038/emboj.2012.202
http://doi.org/10.1016/j.mcn.2012.07.011
http://doi.org/10.3233/JAD-132543
http://doi.org/10.1016/j.neulet.2013.02.001
http://doi.org/10.1186/s13041-015-0166-2
http://doi.org/10.1152/jn.00485.2004
http://doi.org/10.1073/pnas.85.16.6218
http://doi.org/10.1006/abbi.1998.0813
http://doi.org/10.1111/j.1460-9568.2006.05226.x
http://doi.org/10.1038/nature01640
http://doi.org/10.1074/jbc.274.29.20597
http://doi.org/10.1111/j.1471-4159.2008.05495.x
http://doi.org/10.1016/0896-6273(92)90130-6


Int. J. Mol. Sci. 2021, 22, 4976 19 of 20

173. Padayachee, E.; Ngqwala, N.; Whiteley, C.G. Association of β-amyloid peptide fragments with neuronal nitric oxide synthase:
Implications in the etiology of Alzheimers disease. J. Enzym. Inhib. Med. Chem. 2011, 27, 356–364. [CrossRef] [PubMed]

174. Lisman, J. The CaM kinase II hypothesis for the storage of synaptic memory. Trends Neurosci. 1994, 17, 406–412. [CrossRef]
175. Lisman, J.; Schulman, H.; Cline, H.T. The molecular basis of CaMKII function in synaptic and behavioural memory. Nat. Rev.

Neurosci. 2002, 3, 175–190. [CrossRef]
176. Silva, A.; Stevens, C.; Tonegawa, S.; Wang, Y. Deficient hippocampal long-term potentiation in alpha-calcium-calmodulin kinase

II mutant mice. Science 1992, 257, 201–206. [CrossRef]
177. Gu, Z.; Liu, W.; Yan, Z. {beta}-Amyloid impairs AMPA receptor trafficking and function by reducing Ca2+/calmodulin-dependent

protein kinase II synaptic distribution. J. Biol. Chem. 2009, 284, 10639–10649. [CrossRef]
178. Reese, L.C.; Laezza, F.; Woltjer, R.; Taglialatela, G. Dysregulated phosphorylation of Ca2+/calmodulin-dependent protein kinase

II-α in the hippocampus of subjects with mild cognitive impairment and Alzheimer’s disease. J. Neurochem. 2011, 119, 791–804.
[CrossRef]

179. Giese, K.P.; Fedorov, N.B.; Filipkowski, R.K.; Silva, A.J. Autophosphorylation of Thr286 of the alpha Calcium-Calmodulin Kinase
II in LTP and Learning. Science 1998, 279, 870–873. [CrossRef]

180. Cooke, S.F.; Bliss, T.V. Plasticity in the human central nervous system. Brain 2006, 129, 1659–1673. [CrossRef]
181. Wang, D.M.; Yang, Y.J.; Zhang, L.; Zhang, X.; Guan, F.F.; Zhang, L.F. Naringin Enhances CaMKII Activity and Improves Long-Term

Memory in a Mouse Model of Alzheimer’s Disease. Int. J. Mol. Sci. 2013, 14, 5576–5586. [CrossRef]
182. Chen, Q.S.; Kagan, B.L.; Hirakura, Y.; Xie, C.W. Impairment of hippocampal long-term potentiation by Alzheimer amyloid

beta-peptides. J. Neurosci. Res. 2000, 60, 65–72. [CrossRef]
183. Chen, Q.S.; Wei, W.Z.; Shimahara, T.; Xie, C.W. Alzheimer amyloid beta-peptide inhibits the late phase of long-term potenti-ation

through calcineurin-dependent mechanisms in the hippocampal dentate gyrus. Neurobiol. Learn. Mem. 2002, 77, 354–371.
[CrossRef]

184. Kim, J.H.; Anwyl, R.; Suh, Y.H.; Djamgoz, M.B.; Rowan, M.J. Use-dependent effects of amyloidogenic fragments of (beta)-amyloid
precursor protein on synaptic plasticity in rat hippocampus in vivo. J. Neurosci. 2021, 21, 1327–1333. [CrossRef]

185. Wang, H.W.; Pasternak, J.F.; Kuo, H.; Ristic, H.; Lambert, M.P.; Chromy, B.; Viola, K.L.; Klein, W.L.; Stine, W.B.; Krafft, G.A.; et al.
Soluble oligomers of beta amyloid (1–42) inhibit long-term potentiation but not long-term depression in rat dentate gyrus. Brain
Res. 2002, 924, 133–140. [CrossRef]

186. Reese, L.C.; Taglialatela, G. A Role for Calcineurin in Alzheimers Disease. Curr. Neuropharmacol. 2011, 9, 685–692. [CrossRef]
187. De Felice, F.G.; Velasco, P.T.; Lambert, M.P.; Viola, K.; Fernandez, S.J.; Ferreira, S.T.; Klein, W.L. Aβ Oligomers Induce Neuronal

Oxidative Stress through an N-Methyl-D-aspartate Receptor-dependent Mechanism That Is Blocked by the Alzheimer Drug
Memantine. J. Biol. Chem. 2007, 282, 11590–11601. [CrossRef]

188. Emptage, N.; Bliss, T.V.; Fine, A. Single Synaptic Events Evoke NMDA Receptor–Mediated Release of Calcium from Internal
Stores in Hippocampal Dendritic Spines. Neuron 1999, 22, 115–124. [CrossRef]

189. Lacor, P.N.; Buniel, M.C.; Chang, L.; Fernandez, S.J.; Gong, Y.; Viola, K.L.; Lambert, M.P.; Velasco, P.T.; Bigio, E.H.; Finch, C.E.;
et al. Synaptic targeting by Alzheimer’s-related amyloid β oligomers. J. Neurosci. 2004, 24, 10191–10200. [CrossRef]

190. Green, K.N. Calcium in the initiation, progression and as an effector of Alzheimer’s disease pathology. J. Cell. Mol. Med. 2009, 13,
2787–2799. [CrossRef]

191. Texidó, L.; Martín-Satué, M.; Alberdi, E.; Solsona, C.; Matute, C. Amyloid β peptide oligomers directly activate NMDA receptors.
Cell Calcium 2011, 49, 184–190. [CrossRef]

192. Aizenman, E.; Lipton, S.A.; Loring, R.H. Selective modulation of NMDA responses by reduction and oxidation. Neuron 1989, 2,
1257–1263. [CrossRef]

193. Cheignon, C.; Tomas, M.; Bonnefont-Rousselot, D.; Faller, P.; Hureau, C.; Collin, F. Oxidative stress and the amyloid beta peptide
in Alzheimer’s disease. Redox Boil. 2018, 14, 450–464. [CrossRef]

194. Parpura-Gill, A.; Beitz, D.; Uemura, E. The inhibitory effects of β-amyloid on glutamate and glucose uptakes by cultured
astrocytes. Brain Res. 1997, 754, 65–71. [CrossRef]

195. Fernández-Tomé, P.; Brera, B.; Arévalo, M.-A.; De Ceballos, M.L. β-Amyloid25-35 inhibits glutamate uptake in cultured neurons
and astrocytes: Modulation of uptake as a survival mechanism. Neurobiol. Dis. 2004, 15, 580–589. [CrossRef]

196. West, M.; Coleman, P.; Flood, D.; Troncoso, J. Differences in the pattern of hippocampal neuronal loss in normal ageing and
Alzheimer’s disease. Lancet 1994, 344, 769–772. [CrossRef]

197. Wang, R.; Reddy, P.H. Role of Glutamate and NMDA Receptors in Alzheimer’s Disease. J. Alzheimer’s Dis. 2017, 57, 1041–1048.
[CrossRef]

198. Agostini, M.; Fasolato, C. When, where and how? Focus on neuronal calcium dysfunctions in Alzheimer’s Disease. Cell Calcium
2016, 60, 289–298. [CrossRef]

199. Thibault, O.; Pancani, T.; Landfield, P.W.; Norris, C.M. Reduction in neuronal L-type calcium channel activity in a double knock-in
mouse model of Alzheimer’s disease. Biochim. Biophys. Acta Mol. Basis Dis. 2012, 1822, 546–549. [CrossRef] [PubMed]

200. Gutierrez-Merino, C.; Marques-da-Silva, D.; Fortalezas, S.; Samhan-Arias, A.K. The critical role of lipid rafts nanodomains in the
cross-talk between calcium and reactive oxygen and nitrogen species in cerebellar granule neurons apoptosis by extra-cellular
potassium deprivation. AIMS Mol. Sci. 2016, 3, 12–29. [CrossRef]

http://doi.org/10.3109/14756366.2011.590805
http://www.ncbi.nlm.nih.gov/pubmed/21699461
http://doi.org/10.1016/0166-2236(94)90014-0
http://doi.org/10.1038/nrn753
http://doi.org/10.1126/science.1378648
http://doi.org/10.1074/jbc.M806508200
http://doi.org/10.1111/j.1471-4159.2011.07447.x
http://doi.org/10.1126/science.279.5352.870
http://doi.org/10.1093/brain/awl082
http://doi.org/10.3390/ijms14035576
http://doi.org/10.1002/(SICI)1097-4547(20000401)60:1&lt;65::AID-JNR7&gt;3.0.CO;2-Q
http://doi.org/10.1006/nlme.2001.4034
http://doi.org/10.1523/JNEUROSCI.21-04-01327.2001
http://doi.org/10.1016/S0006-8993(01)03058-X
http://doi.org/10.2174/157015911798376316
http://doi.org/10.1074/jbc.M607483200
http://doi.org/10.1016/S0896-6273(00)80683-2
http://doi.org/10.1523/JNEUROSCI.3432-04.2004
http://doi.org/10.1111/j.1582-4934.2009.00861.x
http://doi.org/10.1016/j.ceca.2011.02.001
http://doi.org/10.1016/0896-6273(89)90310-3
http://doi.org/10.1016/j.redox.2017.10.014
http://doi.org/10.1016/S0006-8993(97)00043-7
http://doi.org/10.1016/j.nbd.2003.12.006
http://doi.org/10.1016/S0140-6736(94)92338-8
http://doi.org/10.3233/JAD-160763
http://doi.org/10.1016/j.ceca.2016.06.008
http://doi.org/10.1016/j.bbadis.2012.01.004
http://www.ncbi.nlm.nih.gov/pubmed/22265986
http://doi.org/10.3934/molsci.2016.1.12


Int. J. Mol. Sci. 2021, 22, 4976 20 of 20

201. Fortalezas, S.; Marques-Da-Silva, D.; Gutierrez-Merino, C. Methyl-β-Cyclodextrin Impairs the Phosphorylation of the β2 Subunit
of L-Type Calcium Channels and Cytosolic Calcium Homeostasis in Mature Cerebellar Granule Neurons. Int. J. Mol. Sci. 2018, 19,
3667. [CrossRef] [PubMed]

202. Willis, M.; Kaufmann, W.A.; Wietzorrek, G.; Hutter-Paier, B.; Moosmang, S.; Humpel, C.; Hofmann, F.; Windisch, M.; Knaus,
H.-G.; Marksteiner, J. L-Type Calcium Channel CaV 1.2 in Transgenic Mice Overexpressing Human AβPP751 with the London
(V717I) and Swedish (K670M/N671L) Mutations. J. Alzheimer’s Dis. 2010, 20, 1167–1180. [CrossRef]

203. Daschil, N.; Geisler, S.; Obermair, G.J.; Humpel, C. Short-and long-term treatment of mouse cortical primary astrocytes with
β-amyloid differentially regulates the mRNA Expression of L-type calcium channels. Pharmacology 2014, 93, 24–31. [CrossRef]

204. Zühlke, R.D.; Pitt, G.S.; Deisseroth, K.; Tsien, R.W.; Reuter, H. Calmodulin supports both inactivation and facilitation of L-type
calcium channels. Nat. Cell Biol. 1999, 399, 159–162. [CrossRef]

205. Peterson, B.Z.; DeMaria, C.D.; Yue, D.T. Calmodulin Is the Ca2+ Sensor for Ca2+-Dependent Inactivation of L-Type Calcium
Channels. Neuron 1999, 22, 549–558. [CrossRef]

206. Birks, J.; López-Arrieta, J.; López-Arrieta, J.M. Nimodipine for primary degenerative, mixed and vascular dementia. Cochrane
Database Syst. Rev. 2002, 2002, CD000147. [CrossRef]

207. Wu, C.-L.; Wen, S.-H. A 10-year follow-up study of the association between calcium channel blocker use and the risk of dementia
in elderly hypertensive patients. Medicine 2016, 95, e4593. [CrossRef]

208. Hwang, D.; Kim, S.; Choi, H.; Oh, I.H.; Kim, B.S.; Choi, H.R.; Kim, S.Y.; Won, C.W. Calcium-channel blockers and dementia risk in
older adults—National health insurance service—Senior cohort (2002–2013). Circ. J. 2016, 80, 2336–2342. [CrossRef]

209. Wang, X.; Zheng, W. Ca2+ homeostasis dysregulation in Alzheimer’s disease: A focus on plasma membrane and cell organelles.
FASEB J. 2019, 33, 6697–6712. [CrossRef]

210. Zhao, J.; Connor, T.O.; Vassar, R. The contribution of activated astrocytes to Aβ production: Implications for Alzheimer’s disease
pathogenesis. J. Neuroinflamm. 2011, 8, 150. [CrossRef]

211. Saavedra, L.; Mohamed, A.; Ma, V.; Kar, S.; de Chaves, E.P. Internalization of β-Amyloid Peptide by Primary Neurons in the
Absence of Apolipoprotein E. J. Biol. Chem. 2007, 282, 35722–35732. [CrossRef]

212. Kakio, A.; Nishimoto, S.; Yanagisawa, K.; Kozutsumi, Y.; Matsuzaki, K. Interactions of amyloid β-protein with various gan-
gliosides in raft-like membranes: Importance of GM1 ganglioside-bound form as an endogenous seed for Alzheimer amyloid.
Biochemistry 2002, 41, 7385–7390. [CrossRef]

213. Williamson, R.; Usardi, A.; Hanger, D.P.; Anderton, B.H. Membrane-bound β-amyloid oligomers are recruited into lipid rafts by a
fyn-dependent mechanism. FASEB J. 2008, 1552–1559. [CrossRef]

214. Hidalgo, C.; Donoso, P. Crosstalk between Calcium and Redox Signaling: From Molecular Mechanisms to Health Implications.
Antioxid. Redox Signal. 2008, 10, 1275–1312. [CrossRef]

215. Gutierrez-Merino, C. Redox modulation of neuronal calcium homeostasis and its deregulation by reactive oxygen species. In Free
Radicals in Biology and Medicine; Gutierrez-Merino, C., Leeuwenburgh, C., Eds.; Research Signpost: Kerala, India, 2008; pp. 67–101.

http://doi.org/10.3390/ijms19113667
http://www.ncbi.nlm.nih.gov/pubmed/30463327
http://doi.org/10.3233/JAD-2010-091117
http://doi.org/10.1159/000357383
http://doi.org/10.1038/20200
http://doi.org/10.1016/S0896-6273(00)80709-6
http://doi.org/10.1002/14651858.CD000147
http://doi.org/10.1097/MD.0000000000004593
http://doi.org/10.1253/circj.CJ-16-0692
http://doi.org/10.1096/fj.201801751R
http://doi.org/10.1186/1742-2094-8-150
http://doi.org/10.1074/jbc.M701823200
http://doi.org/10.1021/bi0255874
http://doi.org/10.1096/fj.07-9766com
http://doi.org/10.1089/ars.2007.1886


 

 

 

 
Int. J. Mol. Sci. 2021, 22, 1984. https://doi.org/10.3390/ijms22041984  www.mdpi.com/journal/ijms 

Article 

Binding of Amyloid β(1–42)‐Calmodulin Complexes to Plasma 

Membrane Lipid Rafts in Cerebellar Granule Neurons Alters 

Resting Cytosolic Calcium Homeostasis 

Joana Poejo 1, Jairo Salazar 1,2, Ana M. Mata 1,3 and Carlos Gutierrez‐Merino 1,3* 

1  Instituto de Biomarcadores de Patologías Moleculares, Universidad de Extremadura, 06006 Badajoz, Spain; 

joanapoejo86@gmail.com (J.P.); jairochemsalazar@gmail.com (J.S.); anam@unex.es (A.M.M.) 
2  Departamento de Química, Universidad Nacional Autónoma de Nicaragua‐León, León 21000, Nicaragua 
3  Departamento de Bioquímica y Biología Molecular y Genética, Facultad de Ciencias,   

Universidad de Extremadura, 06006 Badajoz, Spain 

*  Correspondence: carlosgm@unex.es 

Abstract: Lipid rafts are a primary target in studies of amyloid β (Aβ) cytotoxicity in neurons. Ex‐

ogenous Aβ peptides bind to lipid rafts, which in turn play a key role in Aβ uptake, leading to the 

formation of neurotoxic intracellular Aβ aggregates. On the other hand, dysregulation of intracel‐

lular calcium homeostasis in neurons has been observed in Alzheimer’s disease (AD). In a previous 

work, we showed  that Aβ(1–42),  the prevalent Aβ peptide  found  in  the amyloid plaques of AD 

patients, binds with high affinity to purified calmodulin (CaM), with a dissociation constant ≈1 nM. 

In this work, to experimentally assess the Aβ(1–42) binding capacity to intracellular CaM, we used 

primary  cultures of mature  cerebellar granule neurons  (CGN) as a neuronal model. Our  results 

showed a large complexation of submicromolar concentrations of Aβ(1–42) dimers by CaM in CGN, 

up to 120 ± 13 picomoles of Aβ(1–42) /2.5 × 106 cells. Using fluorescence microscopy imaging, we 

showed an extensive co‐localization of CaM and Aβ(1–42) in lipid rafts in CGN stained with up to 

100 picomoles of Aβ(1–42)‐HiLyteTM‐Fluor555 monomers. Intracellular Aβ(1–42) concentration in 

this range was achieved by 2 h incubation of CGN with 2 μM Aβ(1–42), and this treatment lowered 

the resting cytosolic calcium of mature CGN in partially depolarizing 25 mM potassium medium. 

We conclude that the primary cause of the resting cytosolic calcium decrease is the inhibition of L‐

type calcium channels of CGN by Aβ(1–42) dimers, whose activity is inhibited by CaM:Aβ(1–42) 

complexes bound to lipid rafts. 

Keywords: amyloid β(1–42), calmodulin; lipid rafts; cerebellar granule neurons; cytosolic calcium 

homeostasis; L‐type calcium channels 

 

1. Introduction 

Lipid rafts are plasma membrane submicrodomains of sizes between 10 and 100 nm 

enriched in cholesterol and gangliosides [1]. Amyloid β (Aβ) peptides interact with both 

cholesterol and gangliosides in ganglioside‐clustered raft‐like membrane microdomains, 

which potentiate  the  formation of Aβ oligomers and  fibrils  in a cholesterol‐dependent 

manner [2–8]. Therefore, due to the high content of gangliosides in the brain and in par‐

ticular in neurons, lipid rafts can be seen as primary targets for Aβ peptide cytotoxicity. 

Indeed, it has been reported that exogenous oligomeric Aβ applied to neurons in culture 

concentrates  in  lipid  rafts  [9]. Noteworthy, dimeric nonfibrillar Aβ has been shown  to 

rapidly accumulate in lipid rafts in the Tg2576 mouse model of Alzheimer’s disease (AD) 

[10], and several studies have reported that lipid rafts play an active role in extracellular 

Aβ uptake and internalization in neurons, reviewed in [11]. Aβ(1–42) is the prevalent Aβ 

peptide  found  in  the amyloid plaques of AD patients [12], and  it has been shown  that 
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reuptake of extracellular Aβ(1–42) into neurons can lead to the formation of intracellular 

aggregates, resulting in neuronal damage and neurotoxicity [13–15]. It is to be remarked 

that oligomeric species of Aβ(1–42) are tightly  linked  to AD pathogenesis and are pre‐

sumed to be the cause of neuronal damage [16]. This hypothesis is further supported by 

the results obtained with the triple transgenic (3xTg) AD mice, where the level of intraneu‐

ronal Aβ correlates with synaptic dysfunction and memory impairment [17,18]. 

Dysregulation of  intracellular calcium homeostasis  in neurons  is a common meta‐

bolic feature in both sporadic and familial forms of AD, which by itself can account for 

enhanced  intraneuronal  Aβ  production  and  tau  hyperphosphorylation  potentiation 

[19,20]. Noteworthy, calmodulin (CaM), the major calcium buffering protein present  in 

the neuronal cytosol, is significantly decreased in the brain of AD individuals [21]. In a 

previous work, we showed that Aβ(1–42) and Aβ(25–35) had very high affinity for puri‐

fied CaM, with dissociation constants around 1 nM [22]. However, CaM is not only a cy‐

tosolic calcium buffering protein, it is also an intracellular calcium signaling messenger 

that modulates many neuronal functions whose impairment can lead to significant alter‐

ations in neuronal metabolism, excitability, and synaptic activity, and eventually leads to 

neuronal death (see  for example  [23–25]). On  these grounds,  it has been proposed  that 

impairment of  intracellular calcium buffering by Aβ can  trigger a pathogenic  feed‐for‐

ward cycle that leads to altered synaptic morphology, neuronal apoptosis, and cognitive 

impairment [26]. 

Neuronal lipid rafts are also platforms that have the ability to generate short lived 

and dynamic high calcium compartments near the plasma membrane of a thickness lower 

than 1 micrometer [27,28]. In mature cerebellar granule neurons (CGN) in culture, these 

high calcium sub‐microcompartments are built up by the association with lipid rafts of L‐

type calcium channels (LTCCs), N‐methyl D‐aspartate receptors, and plasma membrane 

calcium pumps (PMCA) [27]. As LTCCs and PMCA are the plasma membrane calcium 

transport systems that play the major role in the control of resting cytosolic calcium con‐

centration in CGN in culture in a 25 mM potassium medium [29–31], lipid rafts also play 

a major role in the modulation of the excitability of CGN. Interestingly, both LTCCs and 

PMCA are proteins that bind CaM [32–36]. In addition, other CaM binding proteins are 

also associated with  lipid rafts  in mature CGN and other neurons such as calmodulin‐

dependent protein kinase II (CaMKII) [31,37] and the neuronal isoform of nitric oxide syn‐

thase (nNOS) [28,38–40]. Most of these CaM‐binding proteins have been reported to be 

inhibited  by Aβ peptides,  namely, CaMKII  [41,42], PMCA  [36,43],  and  nNOS  [44,45]. 

However, the possibility of LTCC  inhibition by Aβ(1–42) remains to be experimentally 

assessed, despite the relevance of LTCC activity for resting cytosolic calcium concentra‐

tion  in neurons,  in  long‐term potentiation/depression  (LTP/LTD)  [46], and  in neuronal 

function, memory, and cognition [47]. 

Furthermore, it has been noted that several proteins linked to the production of Aβ 

have putative calmodulin binding domains (CaMBDs), and it has been shown that CaM 

binds to amyloid β precursor protein and β‐secretase (BACE1; beta‐site amyloid β precur‐

sor protein cleaving enzyme 1) [25,48]. 

This work was performed with mature CGN  in culture with  the  following major 

aims: (1) to demonstrate CaM complexation with submicromolar Aβ(1–42) concentrations 

in neurons; (2) to experimentally assess the co‐localization of Aβ(1–42) and Aβ(1–42):CaM 

complexes in neuronal lipid rafts; (3) to experimentally evaluate the alteration of the rest‐

ing  cytosolic  calcium  concentration  by  submicromolar  concentrations  of  internalized 

Aβ(1–42); and (4) to identify the primary cause of the observed alteration of the resting 

cytosolic calcium. Upon reaching all these aims, the results of this work revealed that the 

inhibition of LTCCs by incubation of CGN with Aβ(1–42) dimers for 2 h elicited a large 

decrease of  resting cytosolic calcium  in a partially depolarizing 25 mM potassium me‐

dium. 
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2. Results 

2.1. Co‐Immunoprecipitation of Calmodulin (CaM) with Submicromolar Concentrations of 

Aβ(1–42) in Cerebellar Granule Neurons (CGN) Lysates 

In a previous work [22], we showed that the dissociation constant of the complex of 

Aβ(1–42) with purified CaM  is around 1 nM. Since CaM  is a protein  that  is highly ex‐

pressed in neurons, it seems likely that this should be a major protein target for nanomolar 

concentrations of Aβ(1–42). Since Aβ(1–42) has been  shown  to bind  to  lipid  rafts  (see 

above), before running the co‐immunoprecipitation assays, the CGN lysates were treated 

with 10 mM methyl‐β‐cyclodextrin during 30 min to solubilize lipid rafts and allow for 

dissociation of the proteins associated with these subcellular structures. The formation of 

CaM:Aβ(1–42) complexes in mature CGN has been demonstrated by the co‐immunopre‐

cipitation of CaM with the anti‐Aβ(1–42) antibody in CGN lysates in the presence of 0.25 

micromoles of Aβ(1–42)/L, performed as described in detail in the Materials and Methods 

section (Figure 1A). Of note, the precipitation of a small fraction of CaM molecules ob‐

served in the absence of Aβ(1–42) is likely due to its association with poorly solubilized 

membrane fragments, because it has been demonstrated that CaM also binds with high 

affinity to several proteins that are associated with lipid rafts in mature CGN, like PMCA 

[27,49], LTCCs [27,40,50], and CaMKII [31,37]. 

 

Figure 1. Co‐immunoprecipitation between calmodulin (CaM) and Aβ(1–42). (A) Quantification of calmodulin content in 

cerebellar granule neurons (CGN) lysates. (B) Western blotting of CaM (anti‐CaM 1716‐1, Epitomics) after co‐immunopre‐

cipitation assay with mouse anti‐β‐amyloid antibody (Sigma, A8354), as described in the Materials and Methods section. 

The amount of total CaM per microgram of CGN lysate protein was quantified using 

western blots with different lanes loaded with known amounts of purified CaM and of 

CGN  lysates  (Figure 1B). The analysis of  the results yielded on average 5.5 ± 0.5 ng of 

CaM/μg of CGN protein. Taking  into account  that  the Petri plates of 35 mm diameter 

seeded with 2.5 × 106 CGN cells used in this work contained about 170 ± 20 μg of CGN 

protein, we calculated that on average, there was 935 ± 110 ng of CaM per plate (i.e., 56 ± 

6 picomoles of CaM per plate). Since the Aβ(1–42) solutions prepared in this work were 

largely dimers with around 10% of trimers (see Supplementary Figure S1 in the Materials 

and Methods section), this implies that in these Petri plates containing 2.5∙106 CGN cells, 

up to 120 ± 13 picomoles of Aβ(1–42) can be bound by CaM. 

   



Int. J. Mol. Sci. 2021, 22, 1984  4  of  23 
 

 

2.2. Fluorescence Resonance Energy Transfer (FRET) Imaging Shows an Extensive   

Co‐Localization between CaM and Aβ(1–42) HiLyteTM‐Fluor555 in Mature CGN 

We used fluorescence resonance energy transfer (FRET) imaging to experimentally 

assess the spatial proximity between Aβ(1–42) and CaM in mature CGN. To this end, we 

used the fluorescent derivative Aβ(1–42) HiLyteTM Fluor555. In addition, we aimed to 

perform these measurements with the lowest Aβ(1–42)‐HiLyte™‐Fluor555 concentrations 

as possible to highlight only the subcellular location of the high affinity binding sites for 

Aβ(1–42), and using an excitation filter of 470 nm instead of 556 nm to minimize the back‐

ground fluorescence arising from the binding of Aβ(1–42)‐HiLyte™‐Fluor555 to the Petri 

plate (see above). Furthermore, these experimental conditions will specifically highlight 

intracellular Aβ(1–42) binding sites close to flavoproteins like nNOS and the isoform 3 of 

cytochrome  b5  reductase,  which  in  mature  CGN  are  associated  with  lipid  rafts 

[27,40,51,52]. Fluorescence microscopy images of fixed CGN stained with different con‐

centrations  of Aβ(1–42)‐HiLyte™‐Fluor555  using  an  exposure  time  of  0.4  s  (Figure  2) 

showed that concentrations of Aβ(1–42)‐HiLyte™‐Fluor555 as low as 50–100 nanomoles/L 

gave a fluorescence intensity significantly higher than the CGN autofluorescence. To min‐

imize the contribution of the endogenous red autofluorescence of CGN, we selected a con‐

centration of 100 nanomoles/L of Aβ(1–42)‐HiLyte™‐Fluor555 for the FRET experiments. 

In addition,  these  images and others not shown pointed out  that part of Aβ(1–42)‐Hi‐

Lyte™‐Fluor555 adsorbed non‐specifically to the Petri dish plastic. To quantify this un‐

specific adsorption, 100 picomoles of Aβ(1–42)‐HiLyte™‐Fluor555 monomers was added 

to a Petri plate with 1 mL of MLocke’s K25, incubated under mild stirring during 30 min, 

and then pipetted from the Petri dish to quartz fluorescence cuvettes. Afterward, the flu‐

orescence was measured in a fluorimeter with excitation and emission wavelengths of 550 

and 573 nm and compared with the fluorescence intensity of standard solutions of Aβ(1–

42)‐HiLyte™‐Fluor555 prepared directly in the quartz cuvette. The results allowed us to 

calculate that the free concentration of Aβ(1–42)‐HiLyte™‐Fluor555 readily available for 

binding to CGN cells was only half of the total Aβ(1–42)‐HiLyte™‐Fluor555 added to the 

Petri plate (i.e., at most 50 picomoles of Aβ(1–42)‐HiLyte™‐Fluor555 monomers in the to‐

tal 1 mL volume of each plate). 

 

Figure 2. Fluorescence microscopy images of CGN stained with Aβ(1–42) HiLyteTM‐Fluor 555. (A) Representative fluo‐

rescence microscopy images of mature CGN without staining‐autofluorescence (b) and CGN stained with 50 nM (d) or 

100 nM (f) of Aβ(1–42) HiLyteTM‐Fluor 555 incubated for 1 h at 37 °C and 5% CO2. Bright field (BF) and red fluorescence 

(RF) images are shown for representative selected fields. The exposure time for RF images was 0.4 s. Scale bar inserted in 

fluorescence microscopy images = 10 μm. (B) Quantitative fluorimetric analysis of Aβ(1–42) HiLyteTM‐Fluor 555 bound to 

CGN. The results yielded a 2.3‐fold and 4‐fold increase (mean of triplicate experiment ± s.e.) of the fluorescence of CGN 

stained with 50 nM and 100 nM Aβ(1–42) HiLyteTM‐ Fluor 555 with respect to the CGN autofluorescence, respectively. 

FRET  imaging between anti‐CaM conjugated with IgG‐Alexa 488 (anti‐CaM*A488) 

was used to experimentally confirm the formation of CaM:Aβ(1–42) complexes and co‐
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localization of Aβ(1–42) with the CaM expressed in mature CGN. Representative fluores‐

cence microscopy images of mature CGN fixed and stained with anti‐CaM*A488 in the 

absence and presence of 100 picomoles of Aβ(1–42)‐HiLyte™‐Fluor555/mL are shown in 

Figure 3A. The merged image highlighted an extensive co‐localization (pixel size 0.2 μm) 

between anti‐CaM*A488 and Aβ(1–42)‐HiLyte™‐Fluor555, both  in  the neuronal  somas 

and extensions. The increase in the red/green fluorescence intensity ratio after subtraction 

of the red intensity by direct excitation of Aβ(1–42)‐HiLyte™‐Fluor555 (Figure 3B) demon‐

strated that most of the anti‐CaM*A488 molecules lay within an efficient FRET distance 

range with Aβ(1–42)‐HiLyte™‐Fluor555 (i.e., <50 nm) for this donor–acceptor pair. More‐

over, the red fluorescence  intensity of Aβ(1–42)‐HiLyte™‐Fluor555 was more than 80% 

quenched by the addition of 5 mM CoCl2 to the Petri plate, yielding red fluorescence mi‐

croscopy  images  like  the CGN autofluorescence  image shown  in Figure 2. Of note, the 

inner filter effect due to the absorbance of 5 mM Co2+  in the wavelength range 470–550 

nm, calculated as  indicated  in the Materials and Methods section, can only account for 

less than 5% quenching of this fluorescence. Co2+ is a well calcium channel blocker at mil‐

limolar concentration, and has also been shown to bind to Ca2+ sites in proteins (see for 

example [53,54]). Co2+ has a R0 value of 1.2 nm as the FRET acceptor of the green fluores‐

cence of fluorescein [55]. Therefore, due to the small CaM size, our results were fully con‐

sistent with the extensive complexation of Aβ(1–42)‐HiLyte™‐Fluor555 with CaM shown 

by FRET imaging in CGN. 

 

Figure 3. Extensive FRET between anti‐CaM antibody stained with a secondary Alexa488 fluorescent antibody and Aβ(1–

42)‐HiLyteTM‐Fluor 555 in fixed and permeabilized mature CGN. (A) Representative quantitative fluorescence microscopy 

images of CGN stained with anti‐CaM antibody (1716‐1)/ IgG‐Alexa488 (CaM*A488, a–c) or with anti‐CaM/IgG‐Alexa488 

and Aβ(1–42) HiLyteTM‐Fluor 555 (CaM*A488/ Aβ(1–42), d–g). Bright‐field (BF), green fluorescence (GF), and red fluores‐

cence (RF) images are shown for each one of the selected fields, and the orange‐yellow areas (Merge image) point out the 

higher intensity FRET regions (g). The exposure time for GF and RF images was 0.03 s. Scale bar inserted in fluorescence 

microscopy images = 10 μm. (B) Ratio of red/green fluorescence intensity per pixel (RF/GF) obtained from the analysis of 

the fluorescence intensity data of CGN somas stained with anti‐CaM*IgG‐Alexa488 only (CaM*A488) and double stained 

with anti‐CaM*IgG‐Alexa488/Aβ(1–42) HiLyteTM‐Fluor 555 (CaM*A488/Aβ(1–42)). The results shown in (B) are the mean 

± s.e. (*) p < 0.05 (i.e., statistically significant with respect to the control (CGN labeled with the Alexa488 FRET donor only)). 

2.3. FRET Imaging Highlights the Association of Aβ(1–42)‐HiLyteTM‐Fluor555 and CaM with 

Lipid Rafts Markers in Mature CGN 

In order to experimentally show that Aβ(1–42)‐HiLyte™‐Fluor555 extensively co‐lo‐

calizes with protein markers of the lipid rafts of mature CGN, we used antibodies against 

caveolin‐1 (Cav‐1) and HRas, protein markers of CGN lipid rafts matured  in vitro [27], 

and also cellular prion protein (PrPc), a neuronal marker of lipid rafts that has been shown 

to  form complexes with Aβ  [56,57]. Representative  fluorescence microscopy  images of 

mature CGN stained with anti‐Cav‐1 conjugated with IgG‐Alexa 488 (anti‐Cav1*A488), 

anti‐HRas  conjugated with  IgG‐Alexa 488  (anti‐HRas*A488), and anti‐PrPc  conjugated 
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with IgG‐Alexa488 (anti‐PrPc*A488) in the absence and presence of 100 picomoles of Aβ1–

42‐HiLyte™‐Fluor555/mL are shown in the Figure 4A–C. In all these cases, the addition 

of Aβ(1–42)‐HiLyte™‐Fluor555 elicited a large attenuation of the green fluorescence and 

an increase in red fluorescence intensity that was higher than the red fluorescence increase 

expected for the direct excitation of the added Aβ(1–42)‐HiLyte™‐Fluor555. The analysis 

of the red/green fluorescence intensity ratio after correction for the red fluorescence due 

to direct excitation of Aβ(1–42)‐HiLyte™‐Fluor555 pointed out extensive FRET between 

Alexa 488 conjugates of anti‐Cav1, anti‐HRas, and anti‐PrPc and the Fluor555 dye bound 

to Aβ (Figure 4D). Noteworthy, the donor/acceptor FRET pair that showed a higher in‐

crease in the ratio of the red/green fluorescence intensity was anti‐PrPc*A488/ Aβ(1–42)‐

HiLyte™‐Fluor555, which is in good agreement with the reported formation of complexes 

between PrPc and Aβ, and also with the  fact  that  in  this work, we did not  find co‐im‐

munoprecipitation of Cav‐1 and of HRas with Aβ  (see Supplementary Figure S2). This 

confirmed  an  extensive  association  of Aβ with  lipid  raft  submicrodomains  of mature 

CGN. The merge images also highlight a much larger density of lipid rafts in neuronal 

somas, since neuronal extensions were less intensely stained with anti‐Cav‐1*A488, anti‐

HRas*A488, and anti‐PrPc*A488. This latter result is confirmatory of other FRET results 

reported in previous works with CGN matured in vitro [27,40]. 

 

Figure 4. Extensive FRET between the lipid rafts markers Cav1, HRas, PrPc, and Aβ(1–42). (A) Representative quantita‐

tive fluorescence microscopy images of CGN stained with anti‐Cav1 antibody (sc‐894)/IgG‐Alexa488 (Cav1*A488, a–c) or 

with anti‐Cav1/IgG‐Alexa488 and Aβ(1–42) HiLyteTM‐Fluor 555 (Cav1*A488/Aβ(1–42), d‐g). (B) Representative quantita‐

tive fluorescence microscopy images of CGN stained with anti‐HRas antibody (sc‐32026)/IgG‐Alexa488 (HRas*A488, a–c) 

or with anti‐HRas/IgG‐Alexa488 and Aβ(1–42) HiLyteTM‐Fluor 555 (HRas*A488/Aβ(1–42), d‐g). (C) Representative quan‐

titative fluorescence microscopy images of CGN stained with anti‐PrPc antibody (7500997)/IgG‐Alexa488 (PrPc*A488, a–

c) or with anti‐PrPc/IgG‐Alexa488 and Aβ(1–42) HiLyteTM‐Fluor 555 (PrPc*A488/Aβ(1–42), d‐g). Bright‐field (BF), green 

fluorescence (GF), and red fluorescence (RF) images are shown for each of the selected fields, and the orange‐yellow areas 

(merge image) point out the higher intensity FRET regions (g, (A–C)). The exposure time for GF and RF images was 0.4 s. 

Scale bar  inserted  in  fluorescence microscopy  images = 10 μm.  (D) Ratio of red/green  fluorescence  intensity per pixel 

(RF/GF) obtained from the analysis of fluorescence intensity data of CGN somas stained with (i) anti‐Cav1/IgG‐Alexa488 

only (Cav1*A488) and double stained with anti‐Cav1*IgG‐Alexa488/Aβ(1–42) HiLyteTM‐Fluor 555 (Cav1*A488/Aβ(1–42)); 
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(ii)  anti‐HRas/IgG‐Alexa488  only  (HRas*A488)  and  double  stained with  anti‐HRas*IgG‐Alexa488/Aβ(1–42) HiLyteTM‐

Fluor  555  (HRas*A488/Aβ(1–42));  and  (iii)  anti‐PrPc/IgG‐Alexa488  only  (PrPc*A488)  and  double  stained  with  anti‐

PrPc*IgG‐Alexa488/Aβ(1–42) HiLyteTM‐Fluor 555 (PrPc*A488/Aβ(1–42)). The results shown in panel D are the mean ± s.e. 

(*) p < 0.05, (i.e., statistically significant with respect to the control, CGN labeled with the Alexa488 FRET donor only). 

Representative  fluorescence microscopy  images of mature CGN stained with anti‐

CaM conjugated with IgG‐Alexa 488 (anti‐CaM*A488), anti‐HRas conjugated with IgG‐

Cy3 (anti‐HRas*Cy3), and with both anti‐CaM*A488 and anti‐HRas*Cy3 are shown in Fig‐

ure 5A. The extensive co‐localization of CaM and HRas  is shown by  the merge  image, 

because pixels that maintain the original green and red colors are hardly seen. The large 

increase in the red/green ratio of fluorescence intensities in CGN double stained with anti‐

CaM*A488 and anti‐HRas*Cy3 with  respect  to CGN  stained only with anti‐HRas*Cy3 

(Figure 5B) pointed out a high efficiency of FRET between Alexa 488 and Cy3. Thus, these 

results showed that most of the anti‐CaM*A488 and anti‐HRas*Cy3 bound to fixed CGN 

were within the FRET distance using this experimental approach (i.e., <80 nm [27,50]). 

 

Figure 5. Extensive FRET between CaM and HRas. (A) Representative quantitative fluorescence microscopy images of 

CGN stained with the anti‐CaM antibody (1716‐1)/IgG‐Alexa488 (CaM*A488, a–c) or with anti‐CaM/IgG‐Alexa488 and 

Anti‐HRas antibody (sc32026)/IgG‐Cy3 (CaM*A488/HRas*Cy3, d–g). Bright‐field (BF), green fluorescence (GF), and red 

fluorescence (RF) images are shown for each of the selected fields, and the orange‐yellow areas (Merge image) point out 

the higher intensity FRET regions (g). The exposure time for GF and RF images was 0.05 s. Scale bar inserted in fluores‐

cence microscopy images = 10 μm. (B) Ratio of red/green fluorescence intensity per pixel (RF/GF) obtained from the anal‐

ysis of  fluorescence  intensity data of CGN  somas  stained with anti‐CaM/IgG‐Alexa488 only  (CaM*A488)  and double 

stained with anti‐CaM*IgG‐Alexa488/anti‐HRas*IgG‐Cy3 (CaM*A488/ HRas*Cy3). The results shown in (B) are the mean 

± s.e. (*) p < 0.05 (i.e., statistically significant with respect to the control, CGN labeled with the Alexa488 FRET donor only). 

2.4. A Short Time Incubation with Submicromolar Concentrations of Aβ(1–42) Decreases the 

Resting Cytosolic Calcium Concentration through Inhibition of L‐Type Calcium Channels 

(LTCCs) in Mature CGN 

Figure 6 shows that 48 h incubation of mature CGN with up to 5 μM Aβ(1–42) pro‐

duced, at most, 10–20% loss of cell viability assayed with the 3‐(4,5‐dimethylthiazol‐2‐yl)‐

2,5‐diphenyltetrazolium bromide (MTT) method. Therefore, this allowed us to study the 

effects on cytosolic calcium dysregulation produced by the incubation of CGN for several 

hours with micromolar concentrations of this peptide. However, a shorter time of incuba‐

tion with extracellular micromolar concentrations of Aβ(1–42) is needed to study the effect 

of submicromolar intracellular concentrations of this peptide on resting calcium concen‐

tration, because it has been shown that small oligomeric states of this peptide are inter‐

nalized in neurons with a half‐time of 12–14 h [15]. 
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Figure 6. The cell viability of mature CGN was not significantly affected by Aβ(1–42) at the con‐

centrations tested (0.75–5 μM) after 48 h of incubation at 37 °C and 5%CO2. Cell viability was 

measured using the 3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyltetrazolium bromide (MTT) assay as 

indicated in the Materials and Methods section. The results were the average ± s.e. of experiments 

done in triplicate, with two different preparations of CGN. 

Figure 7 shows that 2–5 h incubation of CGN in MLocke’s K25 medium with 2 μM 

Aβ(1–42) produced a statistically significant decrease of the Fura‐2 ratio 340/380 from 1.1 

± 0.1 to 0.71 ± 0.07 (p < 0.05), in other words, from [Ca2+]i 160 ± 30 nM to 71 ± 7 nM. How‐

ever, this treatment did not significantly change the ratio 340/380 measured after the ad‐

dition of the LTCC blocker 2 μM nifedipine (p > 0.05), as shown also in Figure 7. Therefore, 

Aβ(1–42) reduces the specific contribution of LTCCs to the resting cytosolic calcium con‐

centration in mature CGN in MLocke´s K25 medium. Indeed, the difference between the 

ratio 340/380 in the absence and presence of nifedipine decreased from 0.64 in CGN non‐

treated with amyloid β(1–42) to 0.30 and 0.32 in CGN incubated with 2 μM Aβ(1–42) dur‐

ing 2 and 5 h, respectively. Controls run with up to 2 h incubation with 2 μM of scrambled 

Aβ(1–42) peptide did not produce alterations of  the resting cytosolic calcium  (data not 

shown). Thus, these results pointed out that 2 hours of the incubation of mature CGN with 

Aβ(1–42) were enough to produce about 50% inhibition of LTCC activity. 
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Figure 7. Intracellular cytosolic calcium concentration decreases in the neuronal soma after Aβ(1–42) treatment. Mature 

CGN were pre‐incubated with 2 μM Aβ(1–42) for 2 h or 5 h at 37 °C and 5% CO2 and loaded with 5 μM Fura‐2 for 60 min, 

as previously described in Section 2. Nifedipine (10 μM), a calcium channel blocker, was used as positive control to confirm 

the effect of the total blockade of LTCCs. (A) Representative ratio (340/380) images of Fura‐2‐loaded CGN of untreated (a) 

and treated cells with 2 μM Aβ(1–42) for 2 h (b) or 5 h (c) and after the addition of nifedipine in the control group (d) and 

in cells treated with 2 μM Aβ(1–42) for 2 h (e) or 5 h (f). Scale bar inserted in fluorescence microscopy images = 10 μm. (B) 

Kinetic plots of the average ± s.e. fluorescence ratio (340/380) before and after the addition 10 μM nifedipine (+Nif) at the 

time indicated by the arrow. (C) The analysis of fluorescence intensity data for GCN loaded with Fura‐2 showed a statis‐

tically significant decrease (≈50%) in the steady ratio (340/380) after Aβ(1–42) treatment (2 h and 5 h) with respect to the 

control (untreated cells), p < 0.05. The addition of nifedipine totally blocks the entry of Ca2+ in the soma in untreated and 

treated cells as demonstrated by the decrease in the ratio showing that Aβ partially attenuates LTCC function. The ratio 

(340/380) values shown are the average ± s.e. of experiments done in triplicate with at least two different preparations of 

CGN (n > 400 neuronal soma of fields taken from at least six plates for each condition). 

The concentration of internalized Aβ after 2 h of incubation of mature CGN with 2 

μM Aβ  added  to  the  extracellular medium was measured  using Aβ(1–42)‐HiLyte™‐

Fluor555, as indicated in the Materials and Methods section. Red fluorescence images of 

CGN acquired with an excitation filter of 556 nm and a dichroic mirror of 580 nm with an 

emission filter of 590 nm were analyzed with HCImage software. The increase of red flu‐

orescence intensity in neuronal somas after subtraction of the red autofluorescence of the 

cells (see Supplementary Figure S3 in the Materials and Methods section) was compared 

with the red fluorescence intensity of the medium supplemented with different concen‐

trations of Aβ(1–42)‐HiLyte™‐Fluor555. From these results, we calculated that after 2 h of 

incubation with 2 μM Aβ in the extracellular medium, the intracellular concentration of 

Aβ was 193 ± 21 nM of Aβ monomers (i.e., high enough to saturate all CaM present in 

CGNs). 
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2.5. Extensive FRET between LTCCs Labeled with Alexa488 Fluorescent Antibody and Aβ(1–

42)‐HiLyteTM‐Fluor555 in Fixed Mature CGN Is Largely Reversed by Addition of Exogenous 

CaM 

In previous works, we have shown an extensive association of LTCCs with lipid rafts 

in primary cultures of mature CGNs [27,40,50], and this prompted us to experimentally 

assess the possibility that both LTCCs and Aβ(1–42) are associated with the same  lipid 

rafts in mature CGN at a concentration of 100 picomoles of Aβ(1–42)/mL (e.g., the concen‐

tration of Aβ used in other FRET imaging experiments shown in this work). Representa‐

tive fluorescence microscopy images of mature CGN stained with anti‐LTCC subunit α1C 

conjugated with  IgG‐Alexa 488  (anti‐LTCCs*A488) and 100 picomoles of Aβ(1–42)‐Hi‐

Lyte™‐Fluor555/mL are shown  in Figure 8A. Images of several fields of the plate were 

acquired as indicated in the Materials and Methods before and after the addition of Aβ(1–

42)‐HiLyte™‐Fluor555. A direct inspection of images revealed that the green fluorescence 

was  attenuated  after  the  addition  of Aβ(1–42)‐HiLyte™‐Fluor555. The  analysis  of  the 

red/green fluorescence intensity ratio after correction for the red fluorescence due to direct 

excitation of Aβ(1–42)‐HiLyte™‐Fluor555 showed a two‐fold increase in this ratio (Figure 

8B), pointing out the occurrence of FRET between Alexa 488 conjugates of anti‐LTCC and 

the Fluor555 dye bound to Aβ. Moreover, a detailed inspection of the merge images re‐

vealed  significant  variations  of  the  extent  of  FRET  between LTCCs  and Aβ(1–42)‐Hi‐

Lyte™‐Fluor555, as indicated by the color palette of different cellular submicrodomains 

within the neuronal soma and extensions. The more intense yellow/orange‐colored pixels 

highlighted submicrodomains with higher FRET efficiency. It is noteworthy that this leads 

to a punctate staining appearance of neuronal extensions that is reminiscent of dendritic 

spines. Therefore, these results indicate an extensive co‐localization of LTCCs and Aβ(1–

42)‐HiLyte™‐Fluor555 within the FRET distance in fixed mature CGN, which using this 

FRET approach was ≤50 nm, as indicated in the Materials and Methods section. 

 

Figure 8. Extensive FRET between LTTC and Aβ(1–42). (A) Representative quantitative fluorescence microscopy images 

of CGN  stained with  the  anti‐LTCC  subunit  α1C  (sc‐25686)/IgG‐Alexa488  antibodies  (LTCC*A488,  a–c) or with  anti‐

LTCC/IgG‐Alexa488 and Aβ(1–42) HiLyteTM Fluor 555 (LTCC*A488/Aβ(1–42), d–g). Bright‐field (BF), green fluorescence 

(GF), and red  fluorescence  (RF)  images are shown  for each of  the selected  fields, and  the orange‐yellow areas  (Merge 

image) pointed out the higher intensity FRET regions (g). The exposure time for GF and RF images was 0.4 s. Scale bar 

inserted in fluorescence microscopy images = 10 μm. (B) Ratio of red/green fluorescence intensity per pixel (RF/GF) ob‐

tained  from  the  analysis  of  fluorescence  intensity  data  of  CGN  somas  stained  with  anti‐LTCC/IgG‐Alexa488  only 

(LTCC*A488) and double  stained with anti‐LTCC*IgG‐Alexa488/Aβ(1–42) HiLyteTM Fluor 555  (LTCC*A488/Aβ(1–42)). 

The results shown in (B) are the mean ± s.e. (*) p < 0.05 (i.e., statistically significant with respect to the control, CGN labeled 

with the Alexa488 FRET donor only). 

However, our results excluded significant co‐immunoprecipitation of LTCCs by Aβ 

(see Supplementary Figure S2). Thus, a direct interaction between LTCCs and Aβ cannot 

account for the observed inhibition of LTCCs by Aβ. Since CaM modulates LTCCs directly 

[32,33] or indirectly through CaMK activation [31,58,59], we experimentally assessed the 
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possibility that CaM provides the major anchor point for Aβ near LTCCs in lipid rafts of 

mature CGN. To this end, we acquired fluorescence microscopy images before and after 

the addition of 100 picomoles of purified CaM to the Petri plate with CGN stained with 

anti‐LTCCs conjugated with IgG‐Alexa 488 (anti‐LTCCs*A488) and Aβ(1–42)‐HiLyte™‐

Fluor555 in 1 mL PBS (Figure 9). The concentration of Aβ(1–42)‐HiLyte™‐Fluor555 was 

lowered to 50 picomoles for two major reasons: (1) to focus on the higher affinity binding 

sites for Aβ(1–42)‐HiLyte™‐Fluor555 in CGN, and (2) to get a CaM/Aβ(1–42)‐HiLyte™‐

Fluor555 monomer molar ratio much higher than 1. The representative images shown in 

Figure  9A  point  out  that  CaM  largely  reverses  the  intensity  of  Aβ(1–42)‐HiLyte™‐

Fluor555  red  fluorescence  staining  of CGN  in  the  somas  and more  extensively  in  the 

thicker neuronal extensions connecting aligned neuronal bodies. Moreover, the addition 

of 5 mM Co2+ elicited more than 80% quenching of the total red fluorescence (Figure 9B), 

yielding a red fluorescence image that was not significantly different to the image of the 

red autofluorescence of CGN shown in Figure 2. 

 

Figure 9. Reversion by CaM of FRET between anti‐LTCC/IgG‐Alexa488 and Aβ(1–42)‐HiLyteTM‐Fluor555 (A) and quench‐

ing by Co2+ of the fluorescence of Aβ(1–42)‐HiLyteTM‐Fluor 555 (B). (A) Representative quantitative fluorescence micros‐

copy  images of CGN  stained with  anti‐LTCC  subunit  α1C/IgG‐Alexa488  and  50 nM  of Aβ(1–42)‐HiLyteTM‐Fluor  555 

(LTCC*A488/Aβ*555), after GF and RF image acquisition, 100 nM of purified CaM was added to the medium, and the 

plate was gently stirred for 15 min before acquisition of the images of selected fields in the presence of calmodulin. Bright‐

field (BF), green fluorescence (GF), and red fluorescence (RF) images are shown for the selected fields, and the orange‐

yellow areas (merge image) point out the higher intensity FRET regions. The exposure time for GF and RF images was 0.5 

s. Scale bar inserted in fluorescence microscopy images = 10 μm. (B) Representative quantitative red fluorescence micros‐

copy images of CGN stained with LTCC*A488/Aβ*555 in the absence and in the presence of 5 mM Co2+. After acquisition 

of RF images in the absence of Co2+, 5 mM of CoCl2 was added to the medium and images of the same field were acquired 

5 min after the addition of 5 mM Co2+. The average intensity per pixel in the neuronal somas of five different fields were 

measured using HCImage software (n > 50 somas for each experimental condition), and are plotted below the fluorescence 

microscopy images of this panel (B). The results showed that 5 mM Co2+ completely quenched the fluorescence of Aβ(1–

42)‐HiLyteTM‐Fluor 555, because the difference between the average intensity of the autofluorescence and of the fluores‐

cence in the presence of 5 mM Co2+ was not statistically significant (p > 0.05). 

3. Discussion 

The results of this work show that at concentrations lower than 0.25 micromoles of 

Aβ(1–42)/L, the predominant oligomeric species of this peptide were dimers, with approx‐

imately 10% contribution of trimers, and that there was a large complexation of Aβ(1–42) 

with CaM  in mature CGN. This was supported by extensive FRET between anti‐CaM 

stained with the Alexa 488 fluorescent secondary antibody and 0.1 micromoles of Aβ(1–

42)‐HiLyteTM‐Fluor555/L in fixed and permeabilized CGN, and also by co‐immunoprecip‐

itation of CaM with anti‐Aβ(1–42) in the presence of 0.25 micromoles of Aβ(1–42)/L. More‐

over, taking into account the high content of CaM in neurons ( [60,61] and this work) and 
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the very  low dissociation constant of  the CaM:Aβ(1–42) complex, approximately 1 nM 

[22], our results point that CaM is a major binding target for Aβ(1–42) in neurons, not only 

in mature CGN. As our results also showed that 2.5 x 106 mature CGN (the number of 

cells seeded per Petri plate in this work) contained 56 ±6 picomoles of CaM, this implies 

that in these plates, CaM can bind up to 120 ± 13 picomoles of Aβ(1–42) monomers, de‐

creasing the concentration of free Aβ(1–42) to approximately 1 nM. Although Aβ peptides 

have also been shown to bind with dissociation constants close to 1 nM to PrPc [62] and 

to glycogen synthase kinase 3α (GSK3α) [63], it is to be noted that all these alternate target 

proteins were expressed at much lower levels than CaM in neurons. Thus, CaM can be 

seen in neurons as the major intracellular target protein for Aβ peptides, helping to keep 

the free intracellular concentration of Aβ peptides in the low nanomolar range. Therefore, 

brains affected with Alzheimer’s disease, which contain lower CaM levels than normal 

brains [21], should be expected to suffer a stronger rise in the free intracellular concentra‐

tion of Aβ peptides upon β‐secretase activation, being more prone to undergoing neuronal 

degeneration.  In addition, CaM:Aβ(1–42) complexes can be by  themselves  intracellular 

transducers for focalized actions of Aβ peptides, because CaM has a major role in neuronal 

metabolism, excitability, and signaling through direct interaction with proteins that play 

a major regulatory role of neuronal functions in different subcellular locations. 

Aβ peptides have been  found  in neuronal  lipid rafts, where they promote specific 

signaling alterations [11,64,65]. Aβ peptides bind to cholesterol and gangliosides, highly 

enriched in the lipid rafts of the plasma membrane, and also to phosphatidylserine, a lipid 

enriched in the neuronal plasma membrane. In addition, PrPc, which is constitutively pre‐

sent in lipid rafts, has been shown to bind Aβ peptides [56,57,62], providing further direct 

interaction points  for  the physical  anchorage of Aβ  to  lipid  rafts. Using Aβ(1–42)‐Hi‐

LyteTM‐Fluor555, we experimentally assessed with FRET imaging that in fixed and perme‐

abilized CGN, Aβ(1–42) binding sites were within the FRET distance from protein mark‐

ers of plasma membrane lipid rafts stained with specific antibodies. The donor/acceptor 

FRET pair with higher increase in the red fluorescence/green fluorescence ratio was anti‐

PrPc  stained  with  the  Alexa  488  fluorescent  secondary  antibody/Aβ(1–42)‐HiLyteTM‐

Fluor555, indicating a more extensive co‐localization of PrPc and Aβ(1–42) within FRET 

distance. This  is in good agreement with the formation of PrPc:Aβ complexes reported 

elsewhere (see above). To minimize the contribution of low affinity intracellular binding 

sites for Aβ, these results were obtained with the addition of only 100 picomoles of Aβ(1–

42)‐HiLyteTM‐Fluor555 monomers to a Petri plate containing 2.5 x 106 cells in 1 mL PBS. 

As the FRET distance limit using this experimental approach was less than 60 nm, these 

results highlight Aβ binding sites within the same lipid rafts or in close proximity to them. 

Moreover, fluorescence microscopy images highlighted that there was a large co‐localiza‐

tion in the neuronal soma and also in neuronal extensions of Aβ(1–42)‐HiLyteTM‐Fluor555 

and protein markers of lipid rafts stained with specific antibodies labelled with fluores‐

cent Alexa 488 secondary antibodies. However, the raft markers Cav‐1 and HRas were not 

co‐immunoprecipitated by the anti‐Aβ(1–42) antibody in the presence of 0.25 μM Aβ(1–

42), pointing out that neither Cav‐1 nor HRas provide direct anchoring points of Aβ(1–42) 

in lipid rafts. On the other hand, FRET imaging with anti‐CaM stained with the Alexa 488 

fluorescent secondary antibody (as FRET donor) and anti‐HRas stained with the Cy3 flu‐

orescent secondary antibody (as FRET acceptor) pointed out that a significant fraction of 

CaM were separated by less than 80 nm (i.e., at a distance lower than the maximum 100 

nm size reported for lipid rafts) [1]. This is consistent with the known association of sev‐

eral  CaM‐binding  proteins with  lipid  rafts  in mature  CGN,  namely,  nNOS,  LTCCs, 

PMCA, and CaMKII [27,31,40]. 

Previous works have shown that LTCCs associated with lipid rafts play a major role 

in the control of resting cytosolic calcium homeostasis in mature CGN in vitro in the op‐

timum survival medium (i.e., a partially depolarizing medium containing 25 mM KCl) 

[30,31]. It has also been reported that LTCC activity is stimulated by phosphorylation me‐

diated  by  CaMKII  [31,58,59],  but  CaM  binding  to  the  LTCC  α1C  subunit  produces 
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inactivation of these channels [32,33]. In this work, we showed that incubation of CGN 

with 2 μM (monomers) Aβ(1–42) during 2 h, which allowed us to reach 193 ± 21 nM (mon‐

omers) of internalized Aβ(1–42) in CGN, produced approximately 50% inhibition of the 

activity of LTCCs, and that incubation up to 5 h did not significantly increase this inhibi‐

tion. Since  the dimer  is the predominant aggregation state of the solutions of Aβ(1–42) 

used in this work, this means that less than 100 nM Aβ(1–42) dimers inhibited by 50% the 

LTCC’s activity. Note that there was not a significant change in the resting cytosolic cal‐

cium concentration of CGN measured once LTCCs were blocked with nifedipine after 

these treatments with Aβ(1–42). This result indicates that LTCC is the calcium transport 

system involved in the control of resting cytosolic calcium in mature CGN in vitro that is 

most sensitive to Aβ(1–42) under our experimental conditions. Additionally, this decrease 

in  resting cytosolic calcium elicited by Aβ(1–42) should attenuate CGN excitability be‐

cause of the strong dependence of synaptic activity upon cytosolic calcium concentration. 

A remarkable observation is that upon blockade of LTCCs with nifedipine, the rest‐

ing cytosolic calcium of CGN was not significantly altered by Aβ(1–42). Thus,  the  for‐

mation of calcium pores by intracellular Aβ is unlikely at the short times of exposure to 

the low nanomolar free intracellular concentrations of Aβ attained in this work. This also 

implies that the activity of other calcium transport systems involved in the control of cy‐

tosolic calcium homeostasis in CGN are not significantly impaired by the treatment with 

Aβ(1–42) that is enough to elicit inhibition of LTCCs. The major transport system for cal‐

cium homeostasis in neurons, which extrudes cytosolic calcium toward the extracellular 

medium  is the PMCA [35]. Despite that Aβ(1–42) can bind and partially inhibit PMCA 

[36,43], it is to be noted that only a weak inhibition of lipid rafts associated with PMCA 

by  intracellular nanomolar concentrations of Aβ(1–42) should be expected in a calcium 

concentration range below 0.2 μM  [43], the resting cytosolic concentration range meas‐

ured in mature CGN in this work and in previous works [27,30,31]. Moreover, previous 

works have shown that the inhibition of PMCA by Aβ(1–42) can be antagonized by CaM 

and cholesterol [43,66]. Furthermore, it is to be noted that the sustained lowering of cyto‐

solic calcium of CGN in a partially depolarizing medium is a cellular stress observed at 

short  times of exposure  to  low nanomolar  free  intracellular concentrations of Aβ.  It  is 

likely that at higher concentrations of Aβ or at longer times of exposure to Aβ, this may 

trigger calcium release from intracellular stores, mainly from endoplasmic reticulum, as a 

compensatory or adaptive  cellular  response.  Indeed,  enhanced endoplasmic  reticulum 

calcium release has been shown in AD [67,68]. Moreover, it has been shown that familial 

AD mutations of presenilins potentiate endoplasmic  reticulum calcium  leak and cause 

early‐onset inherited AD [69,70]. 

However, LTCCs are not co‐immunoprecipitated by anti‐Aβ(1–42), and this excludes 

that the inhibition of LTCC activity can be due to the blockade of these calcium channels 

by direct binding of Aβ(1–42). However, fluorescence microscopy revealed efficient FRET 

between anti‐LTCC stained with Alexa 488 fluorescent secondary antibody and Aβ(1–42)‐

HiLyteTM‐Fluor555. Therefore, Aβ(1–42) must bind to a modulatory site in the lipid rafts 

located very close  to  the LTCC  structure  (i.e.,  less  than  few nanometers distance  from 

LTCC subunits since the overall size of the complex between the anti‐LTCC primary an‐

tibody and the Alexa 488 fluorescent secondary antibody is approximately 40 nm) [27,50]. 

Since most of this internalized Aβ(1–42) should be bound to CaM, the inhibition of LTCC 

by Aβ(1–42) can be rationalized in terms of the known inhibition of CaMKII by Aβ pep‐

tides [41,42], and also in terms of potentiation by Aβ(1–42) of the inactivation of LTCC by 

direct interaction with CaM. The hypothesis that CaM:Aβ(1–42) complexes are involved 

in the modulation of LTCC was experimentally supported by a large reversion by exoge‐

nously added CaM of the co‐localization between anti‐LTCC stained with the Alexa 488 

fluorescent secondary antibody and Aβ(1–42)‐HiLyteTM‐Fluor555. Additionally, the large 

quenching of Aβ(1–42)‐HiLyteTM‐Fluor555 fluorescence by 5 mM Co2+ indicated that the 

binding sites of Aβ(1–42)‐HiLyteTM‐Fluor555 in fixed and permeabilized CGN were sepa‐

rated  by  less  than  2  nm  from  high  affinity  calcium  sites,  as  expected  for  Aβ(1–42)‐
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HiLyteTM‐Fluor555:CaM  complexes  [22]. Noteworthy, Aβ  has  been  shown  to  prevent 

CaMKII activation in rat hippocampal slices [41], and impairment of the phosphorylation 

of the β‐subunit of LTCC by CaMK inhibitors leads to the strong inhibition of LTCC in 

partial depolarizing MLocke’s K25 mM medium [31]. In addition, it has been suggested 

that CaMKII dysregulation may be a modulator of  toxicity  in Alzheimer’s disease [42]. 

However, we cannot exclude that Aβ(1–42) association with CaM may also potentiate the 

inactivation of LTCC activity by direct binding of CaM, a possibility which to the best of 

our knowledge has been overlooked until now. However, a critical evaluation of this point 

requires further extensive experimental studies that are out of the scope of this work. 

In summary, by using mature CGN in culture, we showed a large complexation of 

CaM by submicromolar concentrations of Aβ(1–42) dimers, and also extensive co‐locali‐

zation of CaM and Aβ(1–42) within the same lipid rafts in plates seeded with 2.5 × 106 cells 

and stained with up to 100 picomoles of Aβ(1–42)‐HiLyteTM‐Fluor555 monomers. In addi‐

tion, we found that the resting cytosolic calcium of mature CGN in partially depolarizing 

25 mM potassium medium was largely lowered by exposure to Aβ(1–42) dimers during 

2 h, conditions that produced an internalization of less than 100 picomoles of Aβ(1–42) 

dimers in neuronal somas. As a final conclusion, we identified that the primary cause of 

this decrease of  the  resting  cytosolic  calcium was  the  inhibition of LTCCs of CGN by 

Aβ(1–42) dimers. 

4. Materials and Methods 

4.1. Preparation of Rat Cerebellar Granule Neurons (CGN) 

CGNs were obtained from dissociated cerebella of 7‐day‐old Wistar rats as described 

previously  [27,29,31,40,51,52,71,72].  Animal  handlings were  performed  in  accordance 

with Spanish regulations and were approved by the Ethical Committee of the University 

of Extremadura. Briefly, cells were plated in Dulbecco’s Modified Eagle medium (DMEM) 

supplemented with 10% heat‐inactivated  fetal bovine serum, 5 mM glucose, 19.63 mM 

KCl, 3.7 ng/mL insulin, 7 μM 4‐aminobenzoic acid, 50 U/mL penicillin, 25 U/mL strepto‐

mycin, 0.91 mM pyruvate, and 2 mM glutamine on 35 mm diameter dishes (Corning, NY, 

USA) coated with poly‐D‐lysine at a density of 2.5 × 106 cells/dish. CGN cultures were 

kept at 37 °C in a humidified atmosphere of 95% air/5% CO2. Cytosine arabinofuranoside 

(10 μM) was added to fresh culture medium 48 h after plating to prevent the replication 

of non‐neuronal cells. Seven days after plating, the culture medium was replaced with the 

serum‐free DMEM:F12 medium (1:1) supplemented with 12.5 mM glucose, 20.82 mM KCl, 

5 μg/mL insulin, 0.1 mg/mL apo‐transferrin, 20 nM progesterone, 50 U/mL penicillin, 25 

U/mL streptomycin, 0.1 mg/mL pyruvate, and 2 mM L‐glutamine. Mature CGNs at 8–10 

days in vitro (DIV) were used in all of the experiments. 

The composition of MLocke’s K25 buffer (pH 7.4 at 37 °C) used in this work was as 

follows: 4 mM NaHCO3, 10 mM Tricine, 5 mM glucose, 2.3 mM CaCl2, 1 mM MgCl2, and 

134 mM NaCl/25 mM KCl. 

4.2. Aβ(1–42) Solutions and Aggregation State 

Aβ(1–42)  solutions were prepared dissolving  the  solid  lyophilized peptide  in  1% 

NH4OH, and thereafter diluted with PBS to the desired concentration, as in [22]. The ag‐

gregation state of Aβ(1–42) stock solutions used  in this work were evaluated using the 

rapid photoinduced cross‐linking of unmodified proteins approach described in [73,74]. 

Briefly, Aβ(1–42) diluted to 177 μM in 60 mM NaOH and 10 mM phosphate at pH 7 was 

sonicated  in a water bath, Selecta Ultrasons, set at the maximum  intensity of 150 watts 

during 1 min and, thereafter, it was centrifuged at 16,000 g during 10 min. The superna‐

tants were treated with 60 μM Tris(2,2′‐bipyridyl)dichloro‐ruthenium(II) hexahydrate and 

4.4 mM ammonium persulfate, placed in the sample compartment of a Perkin‐Elmer 650‐

40 fluorimeter (Perkin‐Elmer, Waltham, MA, USA) and irradiated with the light of 452 nm 

emitted  by  the  fluorimeter  150 watts  Xenon  lamp  during  1  s  at  room  temperature. 
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Immediately after irradiation, the reaction was stopped by the addition of 5% v/v β‐mer‐

captoethanol plus sample buffer [95 mM tris‐(hydroxymethyl) aminomethane (Tris)‐HCl 

buffer, pH 6.8/ 3% sodium dodecyl sulfate (SDS)/13% glycerol, and 0.005% bromophenol 

blue], and heated at 37 °C for 15 min, before loading into the gel for Tricine‐SDS‐poly‐

acrylamide electrophoresis (PAGE) prepared and run as indicated by [75]. The results ob‐

tained (Supplementary Figure S1) showed a major band of a molecular weight close to 9 

kDa and a faint band of molecular weight between 12 and 15 kDa. As the monomer mo‐

lecular weight of Aβ(1–42)  is approximately 4.5 kDa, these results  indicate that dimers 

were the predominant aggregation state of Aβ(1–42)  in the stock solutions used in this 

work, with a minor (<10%) contribution of trimers. Aβ(1–42) monomers were not detected 

in our stock solutions. 

4.3. Cell Viability 

Cells were incubated with different concentrations of Aβ(1–42) (0.75, 1.5, 2.5 and 5 

μM) in serum‐free DMEM:F12 medium at 37 °C and 5% CO2. After 48 h incubation, CGN 

plates were washed with 1 mL MLocke’s K25 buffer and cell viability was experimentally 

assessed measuring the amount of colored formazan by the reduction of 3‐(4,5‐dimethyl‐

thiazol‐2‐yl)‐2,5‐diphenyltetrazolium  bromide  (MTT)  as  in  previous  works 

[27,29,31,52,71,72]. Untreated cells were regarded as controls (100% cell survival) and the 

cell survival ratio was expressed as the percentage of the control. 

4.4. Co‐Immunoprecipitation 

CGN was lysed in buffer 25 mM Tris–HCl, pH 7.4, 150 mM NaCl, 5 mM ethylenedi‐

aminetetraacetic acid, 50 mM NaF, 5 mM NaVO3, and 0.25% 4‐(1,1,3,3‐tetramethyl bu‐

tyl)phenyl‐polyethylene glycol (Triton X‐100), supplemented with 1x SIGMAFASTTM pro‐

tease inhibitor cocktail (Sigma‐Aldrich, St. Louis, MO, USA). Lysates were collected and 

supplemented with 50% glycerol. The protein concentration of cell lysates was measured 

by the Bradford’s method using bovine serum albumin (BSA) as the standard. 

Co‐immunoprecipitation was carried out using the protein A/G PLUS‐Agarose sc‐

2003 of Santa Cruz Biotechnology Inc. (Santa Cruz, CA, USA) following the instructions 

given in their technical data sheets. Prior to the co‐immunoprecipitation experiment, cell 

lysates were treated with 10 mM of methyl‐β‐cyclodextrin for 30 min at 4 °C in a tube‐

rotor with continuous shaking. Afterward, in an Eppendorf tube, 200 μg of CGN lysate 

was incubated with 5 μg mouse anti‐β‐amyloid antibody (Sigma, A8354) at 4 °C with con‐

tinuous shaking. After 1 h, 65 μL protein A/G PLUS‐Agarose was added and incubated 

overnight at 4 °C with continuous shaking. The next day, the phosphate buffered saline 

(PBS) control sample or 0.25 μM Aβ(1–42) in PBS (treated sample) was added and incu‐

bated for 1 h at 4 °C with continuous shaking. The matrix was precipitated by centrifuga‐

tion at 2500× g during 5 min at 4 °C in a refrigerated Eppendorf microcentrifuge 5415R. 

The supernatant was removed, and the precipitated matrix was subjected to three washes 

with 50 μL PBS (control sample) or 50 μL PBS plus 0.25 μM Aβ(1–42) (treated sample). A 

centrifugation step (2500× g, 5 min at 4 °C) was performed in a refrigerated Eppendorf in 

each washing step. The supernatant was carefully removed and the matrix precipitate was 

resuspended in 80 μL of electrophoresis sample buffer, boiled during 3 min, and stored at 

−20 °C until running on an SDS‐PAGE gel for western blotting analysis. 

4.5. Western Blotting 

SDS‐PAGE was run at concentrations of 7.5%, 10.4%, 13.5%, or 15% acrylamide de‐

pending upon the molecular weights of the target proteins using 20 μg CGN lysates or 

15–20 μL co‐immunoprecipitated sample per  lane. Gels were transferred  to polyvinyli‐

dene difluoride (PVDF) membranes of 0.2 μm average pore size, and PVDF membranes 

were blocked with 3% BSA in Tris‐buffered saline (TBS) supplemented with 0.05% poly‐

oxyethylene sorbitan monolaurate (TBST) for 1 h at room temperature. Before incubation 
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with the primary antibody, membranes were washed six times with TBST. Immunodetec‐

tion of proteins was performed with  their specific antibodies at a dilution of 1:1000  in 

TBST for anti‐caveolin‐1, anti‐HRas, and anti‐LTCC antibodies, and at a dilution of 1:2000 

in TBST for anti‐CaM and anti‐cellular prion protein (PrPc) antibodies. After incubation 

with the first antibody overnight at 4 °C, membranes were washed six times with TBST 

and incubated for 1 h at room temperature with the appropriate secondary IgG antibody 

conjugated with horseradish peroxidase at a dilution of 1:5000 in TBST. Then, membranes 

were washed six times with TBST followed by incubation for 3 min with the Bio‐Rad Clar‐

ity Western ECL substrate. Western blots were revealed with Bio‐Rad ChemiDocTM XRS+ 

(Bio‐Rad, Hercules, CA, USA) and data analyzed with Image Lab 6.0.1 software. 

4.6. Measurements of Internalization of Aβ(1–42)‐HiLyteTM‐Fluor555 in Mature CGN 

The  internalization  of Aβ(1–42) was monitored  by  fluorescence microscopy with 

Aβ(1–42)‐HiLyteTM‐Fluor555  following  an  experimental  approach  similar  to  that  used 

with other fluorescent derivatives of Aβ(1–42) in cell cultures [15,76]. The extent of inter‐

nalization of Aβ(1–42) was measured from the increase in red fluorescence in CGN soma 

at different times of incubation (up to 2 h) at 37 °C and 5% CO2 with a total concentration 

of 2 μM of Aβ(1–42) monomers (1.8 μM of Aβ(1–42) monomers plus 0.2 μM of Aβ(1–42)‐

HiLyteTM‐Fluor555 monomers)  added  to  the  serum‐free  DMEM:F12 medium  supple‐

mented as  indicated above. After  the selected  time of  incubation,  the medium was re‐

placed by MLocke’s K25 and the Petri plate was placed in the holder of the fluorescence 

microscope  thermostated at 37 °C  for  image acquisition. Fluorescence  images were ac‐

quired with a Hamamatsu Orca‐R2 CCD camera (binning mode 2 × 2) camera (Hamama‐

tsu, Hamamatsu‐city, Japan) attached to a Nikon Diaphot 300 epifluorescence microscope 

(Tokyo, Japan) with a NCF Plan ELWD 40× objective, using an excitation filter of 556 nm 

and a dichroic mirror of 580 nm with an emission filter of 590 nm, and 0.03 s exposure 

time. Quantitative analysis of the average fluorescence intensity per pixel of selected neu‐

ronal soma was done with HCImage software using the region of interest (ROI) tool. The 

results obtained after 2 h incubation are shown in panel A of Supplementary Figure S3. In 

separate experiments, the average intensity per pixel obtained with increasing concentra‐

tions of Aβ(1–42)‐HiLyteTM‐Fluor555 in Mlocke’s K25 in the Petri plate was recorded for 

calibration of the Aβ(1–42)‐HiLyteTM‐Fluor555 fluorescence under the same experimental 

conditions, and the results are shown in panel B of Supplementary Figure S3. The average 

intensity readings per pixel in CGN neuronal somas were taken from several fields for a 

total number of 102 cells, and after subtraction of CGN autofluorescence, yielded an in‐

ternalized concentration of 19.3 ± 2.1 nM of Aβ(1–42)‐HiLyteTM‐Fluor555 monomers. As‐

suming that there was not a significant difference between the rate of internalization of 

Aβ(1–42)‐HiLyteTM‐Fluor555 and of Aβ(1–42), we calculated an internalized concentration 

of 193 ± 21 nM of total Aβ monomers by  interpolation  in  the calibration  line shown  in 

panel B. 

4.7. Fluorescence Resonance Energy Transfer (FRET) Imaging 

FRET imaging was performed as in previous works [27,40,50–52]. Fluorescence mi‐

croscopy images of CGN were acquired with a Hamamatsu Orca‐R2 CCD camera (Hama‐

matsu) attached to a Nikon Diaphot 300 epifluorescence microscope (Tokyo, Japan) with 

a NCF Plan ELWD 40× objective (pixel size of  the  images shown  in this work 0.2 μm). 

Quantitative analysis of the average fluorescence intensity per pixel of selected neuronal 

soma was done with the HCImage software using the ROI tool, as in previous works. Only 

fields devoid of large aggregates of neurons forming granules or small grain‐like struc‐

tures were selected for image acquisition to minimize the distortion of images by the sum 

of the fluorescence contributions of juxtaposed layers of neurons. The mean ± s.e. intensity 

reading of fluorescence per pixel within CGN somas were obtained in experiments per‐

formed in triplicate (n > 100 CGN somas in each case). Images of CGN were acquired with 

an excitation filter of 470 nm, and 510 nm dichroic mirror/520 nm emission filter (green 
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fluorescence), using the exposure times indicated for each case in the legends for the fig‐

ures. Untreated cells were regarded as controls. 

CGN were washed with MLocke’s K25 buffer to remove the phenol red remaining in 

the plates. Then, CGN were fixed with 2.5% para‐formaldehyde, 3 mM MgCl2, 2 mM eth‐

ylene glycol‐bis(2‐aminoethylether)‐N,N,N,N′‐tetraacetic acid, and 0.32 M sucrose in PBS 

(5 mM sodium phosphate, 137 mM NaCl, and 27 mM KCl, pH 7). 

The  following  selected protein  targets  for FRET  imaging were used: CaM, HRas, 

caveolin‐1 (Cav‐1), PrPc, and α1C subunit of LTCC (Cav1.2). Before their use for fluores‐

cence microscopy image acquisition, the specificity of primary antibodies for the selected 

target proteins was routinely assessed by the presence of the major and most intense band 

at the expected protein molecular weight in the western blotting run with CGN lysates. 

In most cases, this band accounts for more than 90% of the total band staining (Supple‐

mentary Figure S4). Primary antibodies used in these experiments were: rabbit anti‐CaM 

(Epitomics,  1716‐1,  1:200), goat  anti‐HRas  (Santa Cruz Biotechnology,  sc‐32026,  1:100), 

rabbit anti‐caveolin‐1 (Santa Cruz Biotechnology, sc‐894, 1:100), mouse anti‐PrPc (Thermo 

Fisher, 6H4‐7500997, 1:100), and rabbit anti‐LTCC α1C subunit (Santa Cruz Biotechnol‐

ogy, sc‐25686, 1:50). 

After CGN were fixed, cells were blocked with 1% BSA in PBS supplemented with 

0.2% Triton X‐100 (PBST) for 1 h at 37 °C and then incubated during 1 h at 37 °C with the 

target primary antibody in PBS and washed tree times with PBS (washing step). Thereaf‐

ter, CGN were incubated for 1 h with the appropriate Alexa488‐labeled secondary anti‐

body in PBST (1:200) and washed again three times with PBS before acquisition of fluo‐

rescence microscopy images stained only with the donor dye. After finishing the acquisi‐

tion of FRET donor images, CGN were incubated for 60 min at 37 °C with 50 or 100 nM 

Aβ(1–42)‐HiLyteTM‐Fluor 555 in PBS with continuous and gentle mixing. Then, the acqui‐

sition of fluorescence microscopy  images of selected  fields, routinely 5–6  fields of each 

Petri plate, were performed within the next 20–30 min. Contribution of CGN autofluores‐

cence and secondary Alexa488‐antibody in the absence of the primary antibody were as‐

sessed before running FRET experiments and were  found  to be  lower  than 10% of  the 

average fluorescence intensity per pixel obtained with specific primary antibodies. This 

background signal was subtracted for calculations of the RF/GF ratio obtained with CGN 

plates. Due to  the close absorbance spectrum of Cy3 and Aβ(1–42)‐HiLyteTM‐Fluor 555, 

significant FRET efficiency using this experimental approach implies that the selected pro‐

tein was separated by less than 50 nm from Aβ(1–42)‐HiLyteTM‐Fluor 555, as discussed in 

detail in previous works [27,50]. 

In the case of FRET imaging using a fluorescent acceptor antibody bound to another 

protein target (e.g., CaM stained with a Alexa488 fluorescent secondary antibody as donor 

and HRas stained with a Cy3 fluorescent secondary antibody as acceptor), we followed 

the protocol described in detail in previous publications of our laboratory [27,50]. Briefly, 

after finishing the acquisition of FRET donor images, CGN were incubated for 1 h at 37 

°C with the acceptor target primary antibody as indicated above, washed three times with 

PBS, then incubated for 1 h with the appropriate Cy3‐labeled secondary antibody in PBST 

(1:200), and washed again three times with PBS before the acquisition of fluorescence mi‐

croscopy images. Controls were also run in the absence of the second primary antibody 

to correct for partial loss of the donor fluorescence produced by the treatment to label the 

second protein, on average between 20 and 25% loss of the donor fluorescence, and also 

to subtract background signals. 

The average intensity of fluorescence per pixel within CGN somas were taken using 

the ROI tool of the Hamamatsu HC Image software to select somas as the areas of interest 

in experiments performed in triplicate, at least, n > 100 CGN somas in each case. As dis‐

cussed in previous works [27,50], significant FRET efficiency using this experimental ap‐

proach implies that the selected proteins were separated by ≤80 nm. 
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4.8. Measurement of the Intracellular Free Ca2+ Concentration ([Ca2+]i) 

[Ca2+]i was measured as indicated in detail in previous works [27,29,31,71]. Briefly, 

cells were incubated with 2 μM Aβ(1–42) in DMEM:F12 medium for 2 h or 5 h at 37 °C 

and 5%CO2 on a sunflower mini‐shaker (BioSan, Labnet, Madrid, Spain) with continuous 

and gentle mixing. One hour before the end of the incubation with Aβ(1–42), CGN was 

loaded with 5 μM Fura‐2‐acetoxymethyl ester (Fura2‐AM) and 0.025% Pluronic‐F127 at 

37 °C. Next, CGN plates were washed twice with 1 mL MLocke’s K25 buffer and the cul‐

ture dishes were  placed  in  the  thermostatic  controlled  plate  (Warner  Instrument Co., 

Hamden, CT, USA) of the Nikon Diaphot 300 inverted epifluorescence microscope. Nife‐

dipine (10 μM) was used to block the L‐type calcium channels. Digital images with 340 

and 380 nm excitation filters and a 510 nm dichroic mirror/520 nm emission filter were 

taken with a Hamamatsu Orca‐R2 CCD camera (binning mode 2 × 2) and Lambda 10–2 

filter wheel controller and subsequently analyzed with HCImage software. Data acquisi‐

tion and analysis were done after the selection of the neuronal soma using the ROI tool of 

this software. The 340/380 ratio data given in this work were population averages ± s.e. 

intensity reading of fluorescence per pixel within CGN somas were obtained using the 

ROI tool of the Hamamatsu HCImage software to select somas as areas of interest in ex‐

periments performed in triplicate (n > 100 CGN somas in each case). 

4.9. Chemicals and Reagents 

Human Aβ(1–42)‐HiLyte™‐Fluor555 was obtained  from AnaSpec  (Freemont, CA, 

USA). Unlabeled Aβ(1–42) and scrambled Aβ(1–42) were synthesized and supplied by 

StabVida  (Caparica, Portugal). Purified bovine brain CaM was purchased  from Sigma‐

Aldrich (Madrid, Spain). 

Primary antibodies: goat anti‐HRas (sc‐32026), rabbit anti‐Cav‐1 (sc‐894), rabbit anti‐

LTCC α1C subunit (sc‐25686), and rabbit anti‐LTCC β subunit (sc‐25689) antibodies were 

supplied by Santa Cruz Biotechnology (Santa Cruz, CA, USA). Rabbit anti‐CaM (Epitom‐

ics 1716‐1) antibody was supplied by Abcam (Cambridge, UK) and mouse anti‐PrPc anti‐

body (Thermo Fisher, 6H4‐7500997) was purchased from Thermo Fisher Scientific (Ma‐

drid, Spain). Monoclonal mouse anti‐Aβ antibody (A8354) was purchased from Sigma‐

Aldrich (Madrid, Spain). Fluorescent‐labeled secondary antibodies used to label the pri‐

mary antibodies listed above were anti‐rabbit IgG‐Alexa488 (cat. no. A11008), anti‐goat 

IgG‐Alexa488 (cat. no. A11055), and anti‐mouse IgG‐Alexa488 (cat. no. A11001) from Invi‐

trogen  (Molecular Probes, Eugene, OR, USA). Anti‐rabbit  IgG‐horseradish peroxidase, 

anti‐goat IgG‐horseradish peroxidase, and anti‐mouse IgG‐horseradish peroxidase were 

supplied by Sigma‐Aldrich. Bio‐Rad Clarity Western ECL substrate was purchased from 

Bio‐Rad (Alcobendas ‐ Madrid, Spain). 

Fura‐2 acetoxymethyl ester and pluronic F‐127 were obtained  from Biotium  (Hay‐

ward, CA, USA) and Invitrogen, respectively. Nifedipine was supplied by Sigma‐Aldrich 

(Madrid, Spain). Protein A/G PLUS‐Agarose sc‐2003 was purchased from Santa Cruz Bi‐

otechnology Inc. (Santa Cruz, CA, USA). 

All other reagents and chemicals were of analytical grade from Sigma‐Aldrich (Ma‐

drid, Spain) or Roche–Merck (Darmstadt, Germany). 

4.10. Statistical Analysis 

Results were expressed as the mean standard error (s.e.). Statistical analysis was car‐

ried out by the Student’s t‐test. A significant difference was accepted at the p < 0.05 level. 

All results were confirmed with duplicate measurements of at least three different CGN 

preparations. 
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Supplementary  Materials:  The  following  are  available  online  at  www.mdpi.com/1422‐

0067/22/4/1984/s1, Supplementary Figures file with Supplementary Figures S1–S4. Supplementary 

Figure S1: Tricine‐SDS PAGE of Aβ(1–42) solutions used  in this work. Supplementary Figure S2: 

Western blotting of caveolin‐1  (anti‐Cav‐1, sc 894), HRas  (anti‐HRas, sc 32026), and LTCC  (anti‐

LTCC β subunit, sc 25689) after co‐immunoprecipitation assay with mouse anti‐β‐amyloid antibody 

(Sigma, A8354) as described in the Materials and Methods section. Supplementary Figure S3: Inter‐

nalization of Aβ(1–42)‐HiLyteTM‐Fluor555 in mature CGN. Supplementary Figure S4: Western blot‐

ting of CGN lysates with the primary antibodies used in fluorescence microscopy images. 
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Abbreviations 

Aβ  amyloid β peptide 

AD  Alzheimer’s disease 

Anti‐CaM*A488/Anti‐

Cav1*A488/Anti‐

HRas*A488/Anti‐

LTCC*A488/Anti‐

PrPc*A488 

primary antibody of target protein (CaM, Cav1, HRas, LTCC or PrPc) 

stained with a secondary Alexa488 fluorescent antibody 

Anti‐HRas*Cy3 
primary antibody of HRas stained with a secondary Cy3 fluorescent 

antibody 

BSA  bovine serum albumin 

[Ca2+]i  intracellular free calcium concentration 

CaM  calmodulin 

CaMKII  Ca2+/calmodulin‐dependent protein kinase isoform II 

CaMBDs  calmodulin binding domains 

CGN  cerebellar granule neurons 

DMEM  Dulbecco’s Modified Eagle medium 

FRET  fluorescence resonance energy transfer 

Fura2‐AM  Fura2 acetoxymethyl ester 
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LTCC  L‐type calcium channels 

MTT  3‐(4,5‐dimethylthiazol‐2‐yl)‐2,5‐diphenyltetra¬zolium bromide 

nNOS  neuronal isoform of nitric oxide synthase 

PAGE  polyacrylamide gel electrophoresis 

PBS  phosphate‐buffered saline 

PBST  PBS supplemented with 0.2% Triton X‐100 

PMCA  plasma membrane calcium pump 

PrPc  cellular prion protein 

PVDF  polyvinylidene difluoride 

ROI  region of interest 

SDS  sodium dodecyl sulfate 

TBS  Tris‐buffered saline 

TBST 
TBS supplemented with 0.05% polyoxyethylene sorbitan monolaurate 

(Tween 20) 

Tris  tris‐(hydroxymethyl) aminomethane 

Triton X‐100  4‐(1,1,3,3‐tetramethyl butyl)phenyl‐poly‐ethylene glycol 
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Abstract: 3-Nitropropionic acid (NPA) administration to rodents produces degeneration of the
striatum, accompanied by neurological disturbances that mimic Huntington’s disease (HD) motor
neurological dysfunctions. It has been shown that inflammation mediates NPA-induced brain
degeneration, and activated microglia secreting cytokines interleukin-1α (IL-1α) and tumor necrosis
factor α (TNFα) can induce a specific type of reactive neurotoxic astrocytes, named A1, which have
been detected in post-mortem brain samples of Huntington’s, Alzheimer’s, and Parkinson’s diseases.
In this work we used an experimental model based on the intraperitoneal (i.p.) administration of
NPA to adult Wistar rats at doses that can elicit extensive brain degeneration, and brain samples were
taken before and after extensive brain damage monitored using 2,3,5-triphenyltetrazolium chloride
(TTC) staining. Western blots and immunohistochemistry of brain slices show that i.p. NPA injections
elicit significant increase in the expression levels of C3α subunit, a marker of generation of neurotoxic
A1 astrocytes, and of cytokines IL-1α, TNFα, and C1q within the striatum, hippocampus, and cerebellum
before the appearance of the HD-related neurological dysfunctions and neuronal death induced by
NPA. Noteworthy, NPA administration primarily induces the generation of A1 astrocytes in the more
recent phylogenetic area of the rat cerebellum. We conclude that the activation of complement C3
protein in the brain from Wistar rats is an early event in NPA-induced brain neurodegeneration.

Keywords: 3-nitropropionic acid; rat brain; A1 astrocytes; complement component 3; cytokines IL-1α;
TNF-α and C1

1. Introduction

3-Nitropropionic acid (NPA) is a natural toxin produced by some fungi and plants [1–4]. Systemic
NPA administration to rodents and non-human primates produces degeneration of the striatum,
accompanied by neurological disturbances that mimic Huntington’s disease (HD) motor neurological
dysfunctions. More precisely, systemic NPA administration produces a selective bilateral degeneration
in the dorso-lateral region of the striatum [5–10], resembling severe damage observed in the caudate and
dorso-lateral putamen of human brains affected by HD [11]. Moreover, preferential degeneration of the
medium-sized GABAergic spiny striatal neurons has been reported after NPA systemic administration,
alterations also observed in HD striatum [5,7]. However, the pre-motor symptomatic stages of HD are
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commonly characterized by cognitive issues, including executive dysfunction, visuospatial deficits,
perceptual deficits, memory loss, and difficulty in learning new skills [12,13]. It has been proved that
systemic NPA administration to rodents also produces memory impairment [14,15], and significant
metabolic alterations, not only in the striatum and vicinal cortical areas, but also in the hippocampus [15].
Furthermore, it has been shown that NPA administration to rats also elicits significant changes both to
metabolism and neurotransmitters in the cerebellum [16,17]. Noteworthy, cerebellar cortex damage with
extensive Purkinje cells loss has been reported recently in post-mortem samples of HD cases [18].

Mitochondrial functional alterations as well as associated generation of reactive oxygen species
(ROS), that activate cell death pathways, have been demonstrated to play a major role in NPA
neurotoxicity [19–21]. Additionally, both processes have been implicated in HD [22]. NPA is a
suicide inhibitor of succinate dehydrogenase and causes rapid loss of ATP in neurons in vitro [19,23].
Depletion of neuronal ATP leads to a sustained rise in cytosolic calcium due to the large consumption
of ATP to restore plasma membrane potential after repetitive synaptic activity in brain neurons.
This potentiates excitatory neurotransmitter secretion and, eventually, neuronal death through calpains
activation. Moreover, by means of cellular and animal experimental models, NPA has been shown
to promote excitotoxic neuronal death, mediated by the excitatory neurotransmitters l-glutamate
and dopamine [17,24,25], and by calpains activation [19,26,27]. Furthermore, it has been shown that
NPA produces indirect excitotoxic damage to the striatum [28], making it unlikely that NPA-induced
selective damage of neurons in specific regions of the brain can be solely related with the metabolic
rate and density of receptors for l-glutamate and dopamine.

Activated microglia in the brain is a major source of ROS and nitric oxide in the brain and this can
also impair the mitochondrial respiratory chain function [29], and in a previous publication [10] we have
shown a large decrease of reduced glutathione in parallel with a large increase of protein nitrotyrosines in
NPA-induced degeneration of the striatum of adult Wistar rats brain. This is consistent with activation of
neuroinflammatory microglia by NPA administration reported by others [30–32] and strongly suggests
that inflammation mediates NPA-induced brain degeneration. Noticeably, non-invasive imaging of the
human brain has revealed significant microglial activation both in the striatum and cortical areas in HD
patients [33]. Indeed, it has been proposed that pro-inflammatory cytokines stimulate the development
of neurodegenerative diseases—including Huntington´s, Alzheimer’s, and Parkinson’s—where there is
a slow and progressive damage of cerebral cortical areas: substantia nigra, striatum, and hippocampus [34].
Pro-inflammatory cytokines may potentiate oxidative stress-induced cell death through enhanced
production of ROS and nitric oxide and stimulation of l-glutamate release to the extracellular space [35].
In addition, the release of endogenous cell molecules during brain degeneration (Damage Associated
Molecular Patterns or DAMPs) can elicit further microglial activation, establishing a positive feedback
loop in those brain areas undergoing a more extensive degeneration, such as the striatum and vicinal
somatomotor cortex [36].

However, the molecular mechanisms through which brain inflammation can selectively produce
cell death in specific neuronal structures remain unclear. Astrogliosis and loss of astrocytes have
been noticed in the brain striatum in rats treated with NPA [28,31,32,37]. Recently, it has been shown
that neuroinflammatory microglia activation can induce the formation of a specific type of reactive
neurotoxic astrocytes, named A1, through the secretion of specific cytokines interleukin-1α (IL-1α),
tumor necrosis factor α (TNFα) and complement component 1q (C1q), and that reactive A1 astrocytes
are abundant in post-mortem tissue of HD patients [38]. Moreover, it has been noted that complement
component 3 (C3) is a highly upregulated gene in A1 astrocytes, while it is not expressed by ischemic
reactive astrocytes, named A2 [38]. Thus, C3 expression can be used to highlight the induction of
reactive neurotoxic A1 astrocytes in neurodegenerative disorders.

In this work we used an experimental model based on the intraperitoneal administration of NPA
to rats at doses that can elicit extensive brain degeneration, and brain samples were taken before and
after extensive brain damage can be noticed. We show that reactive A1 astrocytes, expressing the
activated C3α fragment, are induced by NPA treatment in the striatum, as well as in highly relevant
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neuronal structures inside both the hippocampus and the cerebellum. Consistent with this finding, an
increase of the levels of pro-inflammatory cytokines IL-1α, TNFα, and C1q was also detected in these
areas of the brain of rats treated with NPA.

2. Results

In this work we designed an experimental NPA-treatment to induce progressive brain degeneration
to investigate early biomarkers before the appearance of neurological defects and neuronal death.

2.1. The Increase of Activated Complement C3 Protein, a Reactive A1 Astrocyte Marker, Precedes Significant
NPA-Induced Brain degeneration

Adult Wistar rats treated i.p. with a daily dose of 25 mg NPA/kg body weight up to 24 days
(G24) already showed neurological defects based on increased dystonic movements of hind limbs
and an abnormal gait, characterized by a wobbly gait and padding. These neurological symptoms
are characteristics of this HD experimental model, as we previously described [10]. Furthermore,
2,3,5-triphenyltetrazolium chloride (TTC) staining of rat brain slices present evident damage of the
striatum (Figure 1). Additionally, neuronal loss detected by means of neurogranin immunostaining
and apoptotic cells observed with TUNEL staining reveal the neuronal damage related with the
pathological events above described (Figure 1).

Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 3 of 20 

 

after extensive brain damage can be noticed. We show that reactive A1 astrocytes, expressing the 
activated C3α fragment, are induced by NPA treatment in the striatum, as well as in highly relevant 
neuronal structures inside both the hippocampus and the cerebellum. Consistent with this finding, an 
increase of the levels of pro-inflammatory cytokines IL-1α, TNFα, and C1q was also detected in these 
areas of the brain of rats treated with NPA. 

2. Results 

In this work we designed an experimental NPA-treatment to induce progressive brain 
degeneration to investigate early biomarkers before the appearance of neurological defects and 
neuronal death. 

2.1. The Increase of Activated Complement C3 Protein, a Reactive A1 Astrocyte Marker, Precedes Significant 
NPA-Induced Brain degeneration 

Adult Wistar rats treated i.p. with a daily dose of 25 mg NPA/kg body weight up to 24 days 
(G24) already showed neurological defects based on increased dystonic movements of hind limbs 
and an abnormal gait, characterized by a wobbly gait and padding. These neurological symptoms 
are characteristics of this HD experimental model, as we previously described [10]. Furthermore, 
2,3,5-triphenyltetrazolium chloride (TTC) staining of rat brain slices present evident damage of the 
striatum (Figure 1). Additionally, neuronal loss detected by means of neurogranin immunostaining 
and apoptotic cells observed with TUNEL staining reveal the neuronal damage related with the 
pathological events above described (Figure 1). 

 
Figure 1. Rats of the G24 group show degeneration of the brain striatum (*) with respect to rats of the 
G17 group. Representative coronal sections stained with 2,3,5-triphenyltetrazolium chloride (TTC), 
neurogranin, and TUNEL, as indicated in Section 4. Treatment with one daily i.p. injection of 25 mg 
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Figure 1. Rats of the G24 group show degeneration of the brain striatum (*) with respect to rats
of the G17 group. Representative coronal sections stained with 2,3,5-triphenyltetrazolium chloride
(TTC), neurogranin, and TUNEL, as indicated in Section 4. Treatment with one daily i.p. injection
of 25 mg 3-nitropropionic acid (NPA)/kg b. w. for 24 days (G24 group) shows an initial unstained
area of the striatum after TTC staining with respect to rats of the G17 group. Yellow square mark
indicates the selected TTC unstained area neurogranin and TUNEL staining. Comparative neurogranin
immunolabeling reveals a loss of neuronal somas in the striatum of rats of the G24 group with respect
to rats of the G17 group. Comparative TUNEL staining shows neuronal cell death in the striatum (*) of
rats of the G24 group. White scale bars: 2 mm. Yellow scale bars: 25 µm.
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Interestingly, rats treated i.p. with a daily dose of 25 mg NPA/kg body weight up to 17 days
(G17) did not show significant sensorial or motor neurological dysfunctions yet, although after 17
doses some rats became hypoactive, but keeping a normal posture and gait. Indeed, G17 staining of
coronal rat brain sections showed no differences with TTC staining of untreated control rats (Figure 2).
The lack of noticeable unstained white areas in the striatum, hippocampus, and cerebellum of rats treated
i.p. with one daily dose of 25 mg NPA/kg, for 17 days, pointed out that this treatment still did not
produce observable degeneration of these brain areas. This result is supported by the neuronal soma
labeling with neurogranin and no evident apoptotic cells with TUNEL in the striatum (Figure 1).
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Figure 2. Representative fresh brain 1.5 mm thick coronal slices illustrating the striatum, hippocampus,
and cerebellum (respectively marked with white asterisk) stained with TTC. Treatment with one daily
i.p. injection of 25 mg NPA/kg b. w., for 17 days (G17 group) show no differences with TTC staining of
control rats. Scale bars: 2 mm.

On these grounds, we selected rats subjected to 17 days treatment (G17) for an experimental
assessment of brain biomarkers at early stages of the NPA-induced neurotoxic process (Figure 3).
Western blots reveal that proteolytic fragment C3α levels in the striatum, hippocampus, and cerebellum
increased more than two-fold with respect to control untreated rats, namely 2.33 ± 0.17, 3.7 ± 0.25,
and 2.2 ± 0.15-fold, respectively (Figure 3A,C). Notably, it has been shown that reactive A1 astrocytes
are also produced upon neuronal axotomy [38], which can account for the low levels of C3α detected in
these brain regions in control untreated rats. This result pointed out that reactive A1 astrocytes induced
by this NPA treatment can be seen before significant NPA-induced brain damage is detected through
TTC, neurogranin, and TUNEL staining, and precedes NPA-induced neurological dysfunctions.

Interestingly, brains of rats treated i.p. with a daily dose of 25 mg NPA/kg body weight for 6 days
(G6) showed that a statistically significant increase of C3α levels with respect to control rats can only be
observed in the hippocampus and cerebellum, i.e., an increase of 2.5 ± 0.2 and 2.4 ± 0.2-fold, respectively
(Figure 3B). This fact indicates an early generation of reactive A1 astrocytes in these two brain regions.

2.2. The Increase of Proinflammatory Cytokines IL-1α and TNFα Also Precedes Significant NPA-Induced
Brain Degeneration

Recent studies have shown that cytokines IL1-α and TNFα are specifically expressed in activated
microglia induced by different brain injuries inducing reactive A1 astrocytes [38–40]. Therefore,
by means of Western blotting, we measured by the expression level of these cytokines in the striatum,
hippocampus, and cerebellum of rats treated i.p. with one daily dose of 25 mg NPA/kg body weight for
17 days (G17). Figure 4 shows that both IL1α and TNFα are increased in these brain areas with respect
to control rats. The quantitative analysis yielded a similar increase of approximately 50% of the IL1α



Int. J. Mol. Sci. 2020, 21, 3609 5 of 19

level in all brain areas under analysis (striatum, hippocampus, and cerebellum), while the increase of
TNFα was higher in the striatum (160%) than in the hippocampus (80%) and cerebellum (70%).
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Figure 3. Rats of the G17 group show a large increase of the C3α proteolytic fragment in the striatum,
hippocampus, and cerebellum with respect to rats of the control group, while the C3α proteolytic fragment
only significantly increases in the hippocampus and cerebellum in the rats of the G6 group. Representative
Western blots of C3 and β-actin of striatum (St), hippocampus (H), and cerebellum (C) homogenates of
rats of control (Co) and G17 group (NPA rats) (A) and of control (Co) and G6 group (NPA rats) (B).
After acquisition of images of the Western blot with anti-C3, the polyvinylidene difluoride (PVDF)
membrane was stripped and processed for the Western blot of anti-β-actin, as indicated in Section 4.
The molecular weights of the protein markers (MWM) closer to the target proteins (C3α proteolytic
fragment and β-actin) are indicated on the left-hand side. (C) Plot of the ratio of (C3α/β-actin) in
striatum, hippocampus, and cerebellum homogenates of rats of G17 (black bars) and G6 (gray bars) groups
relative to control rats. The results shown are the average ± s.e. of triplicate experiments. (*) p < 0.05
with respect to control rats; ns, statistically non-significant difference with respect to control rats.
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Figure 4. Rats of the G17 group show a significant increase of interleukin-1α (IL-1α) and tumor necrosis
factor α (TNFα) in the striatum, hippocampus, and cerebellum with respect to rats of the control group.
Representative Western blots of IL-1α and β-actin (A) and of TNFα and β-actin (B) of striatum (St),
hippocampus (H), and cerebellum (C) homogenates of rats of control (Co) and G17 group (NPA rats).
After acquisition of images of the Western blot with anti-IL-1α and TNFα, PVDF membranes were
stripped and processed for the Western blot of anti-β-actin, as indicated in Section 4. The estimated
molecular weights of the target proteins IL-1α, TNFα, and β-actin are indicated on the right hand side,
and on the left hand side the molecular weights of the protein markers (MWM) closer to the target
protein are included. Plots of the ratios of (IL-1α/β-actin) and (TNFα/ β-actin) in striatum, hippocampus,
and cerebellum homogenates of rats of G17 group relative to control rats are also inserted, respectively.
The results shown are the average± s.e. of triplicate experiments. (*) p < 0.05 with respect to control rats.

2.3. Immunohistochemical Analysis of the Regionalization and Location of Complement C3 Protein Activation
in the Striatum, Hippocampus, and Cerebellum

Our findings reveal a progressive increase in the activation of the complement component C3
protein from G6 through G17 groups. Since activation of C3 has earlier been identified as a reactive A1
astrocyte marker [38], we also used the astrocytic marker glial fibrillary acidic protein (GFAP).

As illustrated in Figure 5, an increase in reactive A1 astrocytes—expressing C3α and GFAP—was
observed in the dorsolateral region of the striatum (caudate-putamen) in NPA treated rats in experimental
G17 group (Figure 5A). With respect to the hippocampus, we also observed an increase both in C3α
and GFAP, particularly significant within the pyramidal layer and stratum radiatum of CA1 area in
Ammon’s horn (Figure 5B). In addition, Figure 5 also highlights characteristic changes of the shape of
astrocytes, and that C3α and GFAP co-localize in the ameboid-shaped reactive A1 astrocytes, detected
by using double immunohistochemistry.
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and hippocampus with respect to rats of the control group. Light micrographs of coronal sections
after immunohistochemistry with anti-GFAP and anti-Complement C3 antibodies. (A) Comparative
immunolabeling showing an increase in astrocytes expressing C3α and GFAP (upper panel), observed
in the dorsolateral region of the striatum (caudate putamen) in experimental rats. Note that C3α
and GFAP co-localize in the ameboid-shaped astrocytes (arrowhead), detected by using double
immunohistochemistry (lower panel). (B) At the level of the hippocampus an increase both in C3α
and GFAP is particularly significant within the pyramidal layer and stratum radiatum of CA1 area in
Ammon’s horn (upper panel). Note that C3α and GFAP co-localize in astrocytes (indicated by red
arrowheads), detected by using double immunohistochemistry (lower panel). In red letters: CPu:
striatum (caudate-putamen); CTX: Cerebral Cortex; cc: corpus callosum; CA1: field CA1 of hippocampus;
CA2: field CA2 of hippocampus; CA3: field CA3 of hippocampus; DG: dentate gyrus; AL: alveus; o: stratum
oriens; ra: stratum radiatum; p: pyramidal layer. Red scale bars: 200 µm. Yellow scale bars: 25 µm.
Green scale bars: 10 µm.

As shown in Figure 6, an increase in reactive A1 astrocytes expressing C3α and GFAP was also
present in the cerebellum of rats in G17, revealing the co-location of C3α and GFAP in the ameboid-shaped
reactive A1 astrocytes. The analysis of regionalization and distribution of reactive A1 astrocytes
showed an increased expression in two specific locations, the cerebellar nuclei, and the cerebellar
cortex. In the first location, C3α is notably detectable at the level of dentate nucleus, while it is not
observable either in the interposed or the fastigial cerebellar nuclei (Figure 6A). In the cerebellar cortex
(Figure 6B), the increase of C3α and GFAP is especially relevant within the Purkinje and granular layers.
This distribution is evident in the most lateral zone of the cerebellar hemispheres and disappears
progressively through the midline, being absent in the cerebellar vermis. Therefore, there is a significant
regionalization of C3 activation that is clearly present in the cerebellar neocortex, and not detectable
either in the paleo-or the archi-cerebellar cortex. Consequently, our data reveal that the corticonuclear
lateral band, the most phylogenetically recent cerebellar area, is a highly sensitive cerebellar region to
NPA-induced neurotoxicity.

2.4. Immunohistochemical Analysis of Regionalization and Location of IL1-α and TNFα Cytokines in the
Striatum, Hippocampus, and Cerebellum

Generation of reactive A1 astrocytes in the brain has been shown to be induced by microglial
activation and secretion of IL1α and TNFα cytokines [38]. We experimentally assessed IL1-α and
TNFα expressions in the three regions under analysis, that is striatum, hippocampus, and cerebellum. As
observed in Figure 7, the treatment with 17 i.p. daily doses of 25 mg NPA/kg (G17) elicits an increase
in these cytokines (Figure 7A) within the dorsolateral region of the striatum (caudate putamen). This
increase is also detected within the pyramidal layer and the stratum radiatum of CA1 area inside the
Ammon’s horn (Figure 7B).

As observed in Figure 8, cytokines IL1-α and TNFα are also expressed by NPA-activated cerebellar
microglia. Our results show their regional distribution in the dentate nucleus (Figure 8A), as well as
in the Purkinje and granular layers inside the most lateral zone of the cerebellar cortex (Figure 8B),
highlighting microglial activation in the corticonuclear cerebellar lateral band.

Previous authors have reported an increase of cytokine C1q biosynthesis by activated microglia in
HD, correlated to an increase of the activation of C3 complement protein [38,41,42]. Our results show a
similar distribution of this cytokine in the three regions under analysis (Figure 9) in agreement with the
above-mentioned cytokines. Overall, the pattern of increased expression of cytokines (IL1-α, TNFα,
and C1q) in striatum, hippocampus, and cerebellum correlated with the regionalization of C3 positive
reactive A1 astrocytes.
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Figure 6. Rats of the G17 group (one daily i.p. injections of 25 mg NPA/kg b. w., for 17 days)
show a significant increase of GFAP and Complement C3 in the cerebellum with respect to rats of the
control group. Light micrographs of coronal sections after immunohistochemistry with anti-GFAP and
anti-Complement C3 antibodies. (A) Comparative immunolabeling showing an increase in astrocytes
expressing C3α and GFAP (upper panel), observed in the cerebellar nuclei in experimental rats. C3α is
notably detectable at the level of dentate nucleus, while it is not observable either in the interposed or
the fastigial cerebellar nuclei. Note that C3α and GFAP co-localize in the ameboid-shaped astrocytes
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(arrowhead), detected by using double immunohistochemistry (lower panel). (B) Comparative
immunolabeling showing an increase in astrocytes expressing C3α and GFAP (upper panel), observed
in the cerebellar cortex in experimental rats, including the Purkinje and granular layers. Note that
C3α and GFAP co-localize in the astrocytes (indicated by red arrowheads), detected by using double
immunohistochemistry (lower panel). The red squares indicate the enlarged area shown on respective
image of the right side. In red letters: DN: dentate nucleus; IP: interposed nucleus; 4 V: forth ventricle;
n: large or projecting neuron; ml: molecular layer; pcl: Purkinje cell layer; gl: granular layer. Red scale
bars: 200 µm. Yellow scale bars: 25 µm. Green scale bars: 10 µm.
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activation and secretion of IL1α and TNFα cytokines [38]. We experimentally assessed IL1-α and 
TNFα expressions in the three regions under analysis, that is striatum, hippocampus, and cerebellum. 
As observed in Figure 7, the treatment with 17 i.p. daily doses of 25 mg NPA/kg (G17) elicits an 
increase in these cytokines (Figure 7A) within the dorsolateral region of the striatum (caudate 
putamen). This increase is also detected within the pyramidal layer and the stratum radiatum of CA1 
area inside the Ammon’s horn (Figure 7B). 

 
Figure 7. Rats of the G17 group (one daily i.p. injection of 25 mg NPA/kg b. w., for 17 days) show a 
significant increase of IL1α and TNFα cytokines in the striatum and hippocampus with respect to rats 
of the control group. Light micrographs of coronal sections after immunohistochemistry with anti-
IL1α and anti-TNFα antibodies. Comparative immunolabeling showing an increase of IL1-α and 
TNFα expressions in the striatum (A) and hippocampus, within the pyramidal layer and the stratum 
radiatum of CA1 area inside the Ammon’s horn (B). In red letters: o: stratum oriens; ra: stratum radiatum; 
p: pyramidal layer. Yellow scale bars: 25 µm. 

Figure 7. Rats of the G17 group (one daily i.p. injection of 25 mg NPA/kg b. w., for 17 days) show
a significant increase of IL1α and TNFα cytokines in the striatum and hippocampus with respect to
rats of the control group. Light micrographs of coronal sections after immunohistochemistry with
anti-IL1α and anti-TNFα antibodies. Comparative immunolabeling showing an increase of IL1-α and
TNFα expressions in the striatum (A) and hippocampus, within the pyramidal layer and the stratum
radiatum of CA1 area inside the Ammon’s horn (B). In red letters: o: stratum oriens; ra: stratum radiatum;
p: pyramidal layer. Yellow scale bars: 25 µm.
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Previous authors have reported an increase of cytokine C1q biosynthesis by activated microglia 
in HD, correlated to an increase of the activation of C3 complement protein [38,41,42]. Our results 
show a similar distribution of this cytokine in the three regions under analysis (Figure 9) in agreement 
with the above-mentioned cytokines. Overall, the pattern of increased expression of cytokines (IL1-
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Figure 8. Rats of the G17 group (one daily i.p. injection of 25 mg NPA/kg b. w., for 17 days) show
a significant increase of IL1α and TNFα cytokines in the cerebellum and with respect to rats of the
control group. Light micrographs of coronal sections after immunohistochemistry with anti-IL1α
and anti-TNFα antibodies. Comparative immunolabeling showing an increase of IL1-α and TNFα
expressions in the dentate nucleus (A), as well as in the Purkinje and granular layers inside the most
lateral zone of the cerebellar cortex (B). In red letters: DN: dentate nucleus; IP: interposed nucleus; 4 V:
forth ventricle; ml: molecular layer; pcl: Purkinje cell layer; gl: granular layer. Red scale bars: 200 µm.
Yellow scale bars: 25 µm.
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Figure 9. Rats of the G17 group (one daily i.p. injection of 25 mg NPA/kg b. w., for 17 days) show a 
significant increase of cytokine C1q in the three areas analyzed with respect to rats of the control 
group. Light micrographs of coronal sections after immunohistochemistry with anti-C1q antibody. 
Comparative immunolabeling showing an increase of cytokine C1q expression in the striatum, 
hippocampus (CA1 area), and cerebellar cortex (upper panel), as well as in the dentate nucleus (lower 
panel). In red letters: o: stratum oriens; ra: stratum radiatum; p: pyramidal layer; ml: molecular layer; 
pcl: Purkinje cell layer; gl: granular layer; DN: dentate nucleus; IP: interposed nucleus; 4 V: forth 
ventricle. Red scale bars: 200 µm. Yellow scale bars: 25 µm. 

Figure 9. Rats of the G17 group (one daily i.p. injection of 25 mg NPA/kg b. w., for 17 days)
show a significant increase of cytokine C1q in the three areas analyzed with respect to rats of the
control group. Light micrographs of coronal sections after immunohistochemistry with anti-C1q
antibody. Comparative immunolabeling showing an increase of cytokine C1q expression in the striatum,
hippocampus (CA1 area), and cerebellar cortex (upper panel), as well as in the dentate nucleus (lower
panel). In red letters: o: stratum oriens; ra: stratum radiatum; p: pyramidal layer; ml: molecular layer; pcl:
Purkinje cell layer; gl: granular layer; DN: dentate nucleus; IP: interposed nucleus; 4 V: forth ventricle.
Red scale bars: 200 µm. Yellow scale bars: 25 µm.

3. Discussion

The results of this work show a significant increase in the expression levels of C3α subunit and
cytokines IL-1α, TNFα, and C1q within the striatum, hippocampus, and cerebellum, well before the
appearance of the HD-related neurological dysfunctions induced by i.p. NPA injections to adult Wistar
rats. Noteworthy, the release of specific cytokines IL-1α, TNFα, and C1q upon microglial activation is
required to induce reactive neurotoxic A1 astrocytes expressing C3α subunit [38]. Thus, as a novel
finding in NPA-induced neurotoxicity, our results demonstrate an earlier activation of complement
C3 protein in the brain from Wistar rats that are treated with this neurotoxin. Other authors have
also observed complement C3 expression in astrocytes in the striatum obtained from HD post-mortem
brain samples [38,41]. However, unlike our observations in initial stages of NPA neurotoxicity, these
authors have also described C3 expression in white matter and neurons in the striatum from the same
patients [41], which is possibly well justified due to an advanced lesion stage (from Vonsattel grade 4),
when neuronal loss is already evident.
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NPA is a mitochondrial toxin that has been shown to produce microglial activation and neuronal
death [30], and toxic effects of NPA on astrocytes at early stages of NPA-induced neurodegeneration has
been reported [43]. Therefore, our results further validate the use of NPA i.p. administration to shed light
on molecular mechanisms in the initial stages of neurotoxicity in HD. Consistently, the astrocytes—which
are GFAP positive—present an increased expression of complement C3, suggesting an astrocytosis
process characterized by the presence of A1 reactive astrocytes. In the present study, our results show
an increase of A1 astrocytes in the three regions under analysis: striatum, hippocampus, and cerebellum.
Histochemistry of brain slices in these regions point out that rats treated i.p. with NPA show a marked
increase of anti-C3 staining with respect to control untreated rats in the vicinity of or in myelinated
axons, striatal spiny neurons, pyramidal neurons of hippocampus Ammon’s horn, Purkinje cerebellar
neurons, and also in pyramidal neurons of the cerebellar nuclei. Since reactive A1 astrocytes are strongly
neurotoxic [38], our results strongly support that these neuronal structures are highly vulnerable brain
primary targets in NPA-induced neurotoxicity. Interestingly, these neuronal brain structures play a
relevant role in motor neurological functions coordinated by the brain, and their degeneration can
account for the motor dysfunctions induced by NPA treatment at a later stage. Indeed, kainic acid
administration in rats, an animal model of epilepsy neuropathology, also induces a C3 expression
increase in the glia of the hippocampus as well as in the pyramidal neurons corresponding to CA1 and
CA3 areas, neurons particularly sensitive to kainic acid-induced neuronal death [44,45].

It has been proposed that HD is a neurodegenerative disease associated with a neuroinflammatory
process mediated by microglial activation in the brain [34,36]. Pro-inflammatory cytokines can promote
neuronal death through induction of ROS and also reactive nitrogen species production [29,46,47],
excitoxicity caused by the release of L-glutamate [35] and of damage-associated molecular
products [47,48], as well as activation and proliferation of astrocytes [47]. It has been reported
that the secretion of cytokines IL-1α, TNFα, and C1q upon reactive microglial activation can induce
the generation of reactive A1 astrocytes [38]. In a previous work [10] we have shown that there
is a large increase of protein nitrotyrosines and depletion of reduced glutathione in NPA-induced
degeneration of adult Wistar rat brains, pointing out a large induction of ROS and also reactive
nitrogen species in this animal model of HD. In this work we showed that cytokines IL-1α, TNFα, and
C1q are also overexpressed in the striatum, hippocampus, and cerebellum of adult Wistar rats treated
with daily i.p. injections of 25 mg NPA/kg b.w. In our experimental model, i.p. administration of
NPA induced a gradual increase of these three cytokines starting long before the observation of any
significant neurological motor impairment in treated rats, indicating an early induction of reactive
microglia in the three regions under study (striatum, hippocampus, and cerebellum), and supporting the
hypothesis of an early role of the three cytokines in the neuroinflammatory process. Furthermore, the
increase of IL-1α, TNFα, and C1q co-localizes with the appearance of C3 positive astrocytes in the
three regions. Considering all these data, we conclude that, in our HD experimental animal model,
extensive reactive microglial activation takes place in the brain, along with a reactive astrocytosis with
generation of neurotoxic A1 astrocytes near or at neuronal structures which play a major role in brain
motor coordination. These processes are likely to induce the brain neurodegenerative events that elicit
motor disorders observed at an advanced stage of this neurological disease.

Finally, our results provide novel insights into cerebellum alterations after NPA administration,
which may justify, at least in part, the motor symptoms in these kinds of patients. Previously, it has been
reported [16] that NPA administration modifies the levels of metabolite concentrations, specifically of
the neuronal activity markers N-acetylaspartate and the osmolyte taurine, in several areas of the rat
brain, including the cerebellum. Recently, extensive Purkinje cells loss and overall cerebellar damage
has been observed in the cerebellar cortex from the autopsy of HD cases [18]. As a novel contribution,
our results reveal an early expression of inflammatory cytokines and complement C3 at the level of
the dentate nucleus and the neocerebellar cortex. This highlights that NPA administration primarily
affects the more recent phylogenetic area of the rat cerebellum. Therefore, our experimental NPA model
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provides an alternate novel tool to study structure–function alterations of the cerebellum as a key target
in the early stages of HD.

4. Materials and Methods

4.1. Animals and Treatments

Male Wistar rats, 9–10 weeks old, weighing 290–340 g were housed in a 12 h light/dark cycle and
allowed free access to food and water during the experiment. The experimental procedures followed
the animal care guidelines of the European Union Council Directive 86/609/EEC. The protocols were
approved by the Ethics Committee for Animal Research of the local government.

3-Nitropropionic acid, (>97% by HPLC, Sigma, St. Louis, MO, USA) was administered by
intraperitoneal (i.p.) injection of a 20-mg/mL solution in normal saline (0.9% w/v NaCl). Fresh solutions
were prepared by dissolving solid NPA, the pH was adjusted to 7.4 with NaOH 5 M, and filtered
through a 0.2 µm filter.

Rats were treated with 25 mg NPA/kg b.w. every 24 h for 6, 17, and 24 days, and are referred in
the text as rats from G6 (n = 7), G17 (n = 7), and G24 (n = 7) groups. Of note, the total number of rats
used for the G24 group was 10, because three rats died after developing severe pathological symptoms,
an interindividual variability that we noticed when adult Wistar rats were treated with doses of 25 mg
NPA/kg b.w. every 12 h [10]. Rats from control groups (n = 6) received 0.4 mL saline solution (NPA
vehicle), with the same treatment schedule given in the experimental groups.

The animals were evaluated for motor impairment throughout the experiment. They were
observed daily, just before the injection, and rated with a quantitative scale according to their motor
deficiencies [10,49]. This rating scale measures gait abnormalities, hind limbs dystonia, grasping ability,
balance, and recumbency.

4.2. Preparation of Rat Brain Slices and TTC Staining

The animals were anesthetized with ketamine (50 µg/g), diazepam (2.5 µg/g), and atropine
(0.05 µg/g). The brains were immediately removed from the skull and washed in cold
phosphate-buffered saline (PBS) pH 7.4, and then cut with a tissue slicer (Stoelting, Woodale, IL, USA).

Some sections (1.5 mm thick coronal slice) corresponding to the three regions analyzed (striatum,
hippocampus, and cerebellum) were immersed in a 2% solution of 2,3,5-triphenyltetrazolium chloride
(TTC) in PBS for 15 min at 37 ◦C, and observed under a Leica MZ APO stereomicroscope.

4.3. Brain Samples Homogenization and Western Blotting

A group of dissected brain sections of striatum, hippocampus, and cerebellum was weighed and
immediately frozen in liquid nitrogen. Thereafter, samples were kept at −80 ◦C until use.

Brain sections were homogenized within an ice-cold recipient with a glass homogenizer followed
by sonication, 30–40 pulses of 1 s, in buffer 25 mM tris-(hydroxymethyl) aminomethane hydrochloride
(Tris-HCl) at pH 7.4, 150 mM NaCl, 5 mM ethylenediaminetetraacetic acid, 50 mM NaF, 5 mM NaVO3,
and 4-(1,1,3,3-Tetramethylbutyl)phenyl-polyethylene glycol (Triton X-100) 0.25%, supplemented
with the protease inhibitor cocktail SIGMAFAST S8820 (Sigma-Aldrich). Brain homogenates were
centrifuged at 500× g for 10 min at 4 ◦C to pellet tissue debris, the supernatant was carefully removed
and supplemented with 40% glycerol, their protein concentration was determined using Bradford’s
method, and these samples were conserved at −80 ◦C until use for Western blotting.

Samples of the homogenates at 1–2 mg of protein/mL were denatured by heating at 98 ◦C for 5 min
in 95 mM Tris-HCl buffer (pH 6.8), 3% sodium dodecyl sulfate (SDS), 1.5% v/v β-mercaptoethanol,
13% glycerol, and 0.005% bromophenol blue. Then, 20 µg of protein samples were loaded per lane
in a polyacrylamide gel of 7.5% or 12% acrylamide, and after running the SDS-polyacrylamide
gel electrophoresis the gel was transferred to a polyvinylidene difluoride (PVDF) membrane of
0.2 µm average pore size in standard transfer medium (Trans-BloT TransferMedium, BioRad). PVDF
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membrane blocking was carried out by 1 h incubation and mild shaking with 3% bovine serum albumin
(BSA) in Tris-buffered saline (TBS) supplemented with 0.05% polyoxyethylenesorbitan monolaurate
(TBST). Before the incubation with the primary antibody, membranes were washed three times with
TBST. The immunodetection of the selected protein (C3, IL-1α, and TNFα) was performed with the
following primary antibodies: rabbit monoclonal anti-C3 from Abcam (ab200999, dilution 1:2000),
mouse monoclonal anti-IL-1α from Santa Cruz Biotechnology (sc-9983, dilution 1:500) and rabbit
polyclonal anti-TNFα from Abcam (ab6671, dilution 1:1000). After incubation with the first antibody
overnight or 1 h at room temperature, membranes were washed six times with TBST and incubated for
1 h at room temperature with the appropriate secondary IgG antibody conjugated with horseradish
peroxidase. Secondary anti-rabbit IgG-Horseradish peroxidase (Sigma-Aldrich-A0545) or anti-mouse
IgG-Horseradish peroxidase (Sigma-Aldrich A0944) were used at a dilution of 1:5000 in TBST. Again,
we washed the membrane six times with TBST followed by incubation for 2–3 min with Clarity TM
Western ECL Substrate, BIO-RAD. Western blots were revealed with Bio-Rad ChemiDoc™ XRS+.
The specificity of the detection of primary antibodies was then determined, and membranes were
washed with deionized water and treated under continuous stirring at room temperature with the
following stripping buffers: (1) 10 min with 0.2 M glycine/0.5 M NaCl brought to pH 2.8 with acetic
acid and (2) 10 min with 0.5 M acetic acid/0.5 M NaCl at pH 2.5. After washing with distilled water for
10 min, membranes were blocked with 3% BSA in TBST and treated as indicated above to quantify
β-actin to monitor protein load, using mouse monoclonal anti-β-actin (Sigma-Aldrich-A1978, dilution
1:5000) or rabbit polyclonal anti-β-actin (Sigma-Aldrich-A5060, dilution 1:750) as primary antibody,
depending on the species of the selected target protein, and the appropriate secondary antibody
conjugated with horseradish peroxidase (see above). Figure 10 shows a representative lane of the
Western blots obtained with each one of the primary antibodies used for the selected proteins and
against β-actin, highlighting the target protein band. Statistical analysis: results of Western blots
are expressed as mean ± standard error (s.e.). Statistical analysis was carried out by Mann–Whitney
non-parametric test. Significant difference was accepted at the p < 0.05 level. All the results were
confirmed with triplicate experiments.Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 16 of 20 
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Figure 10. Western blotting of rat brain homogenates with the primary antibodies used in this work. The
detection and specificity of primary antibodies for their corresponding target proteins was confirmed
by Western blotting: rabbit monoclonal anti-C3 from Abcam (ab200999, dilution 1:2000), mouse
monoclonal anti-IL-1α from Santa Cruz Biotechnology (sc-9983, dilution 1:500), and rabbit polyclonal
anti-TNFα from Abcam (ab6671, dilution 1:1000). MWM, molecular weight of protein markers closer
to the target protein. See Section 4 for further experimental details.
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4.4. Immunohistochemistry

A group of dissected brain sections of striatum, hippocampus, and cerebellum was immersed in
4% paraformaldehyde in PBS, dehydrated in a graded series of ethyl alcohol, cleared in xylene,
and embedded in paraffin wax, using standard techniques. Afterwards, tissue blocks were cut in
coronal sections (7 µm thick) with a microtome Leica RM2125RT. Slices were hydrated and subjected
to immunohistochemistry.

To identify and localize different cells populations we carried out the following procedures.

4.4.1. Glial Fibrillary Acidic Protein (GFAP), Interleukin 1 (IL-1α), and Complement Component 1,
Sububcomponent q (C1q-C).

Tissue sections were blocked with 1% BSA in PBS for 30 min, followed by incubation with 5%
normal goat serum in 1% BSA and 0.1% Triton X-100 for 2h. Next, slides were incubated overnight
at 4 ◦C in humidified box, with primary antibodies: dilution 1:400 for mouse anti-GFAP (Sigma:
G3893), and dilution 1:50 for both mouse anti-IL-1α (Santa Cruz Biotechnology: sc-9983) and mouse
anti-C1q-C (Santa Cruz Biotechnology: SC-365301). After extensive washing in PBS, sections were again
blocked and the secondary antibody (dilution 1:200) was added, a goat anti-mouse immunoglobulin G
conjugated with alkaline phosphatase (IgG-AP), Santa Cruz Biotechnology: sc 3698 for 3 h at room
temperature. Finally, the sections were repeated rinsed in PBS, treated with 2 mm levamisole in
reaction buffer (100 mm NaCl, 100 mm Tris-HCl pH 9.5, 0.25% polyoxyethylenesorbitan monolaurate,
revealed with nitroblue tetrazolium/5-bromo-4-chloro-3-indolyl phosphate (NBT/BCIP) supplied by
Roche (catalog n◦ 1681451) in reaction buffer, washed in PBS, dehydrated and mounted in Eukit.

4.4.2. Complement Component 3, (C3), Tumor Necrosis Factor Alpha (TNFα), and Neurogranin.

Tissue sections were blocked with 1% BSA in PBS for 30 min, followed by incubation with 5%
normal goat serum in 1% BSA and 0.1% Triton X-100 for 2 h. Next, slides were blocked with endogenous
avidin/biotin blocking kit (Abcam ab 64212) and incubated overnight at 4 ◦C in humidified box, with
primary antibodies: dilution 1:2000 for rabbit anti-C3 (Abcam ab225539), dilution 1:100 for rabbit
anti-TNFα (Abcam ab6671), and dilution 1:500 for rabbit anti-neurogranin (Chemicon AB5620). After
extensive washing in PBS, endogenous peroxidase activity was quenched with 0.5% H2O2, again
blocked, and incubated with the secondary antibody, a biotinylated goat anti-rabbit immunoglobulin
G supplied by Vectastain ABC Kit, Vector Laboratories (PK-6101), for 3 h at room temperature. After
rinsing in PBS, the sections were incubated with avidin-biotinylated horseradish peroxidase complex
(Vectastain ABC Kit) for 30 min at room temperature. Chromogen development was performed with
peroxidase substrate solution (Vector VIP substrate, SK-4600). Slides were washed in distilled water,
dehydrated, and mounted in Eukit.

For double immunohistochemistry (GFAP and C3), primary antibodies mouse anti-GFAP and
rabbit anti-C3 were applied together and incubated overnight at 4 ◦C in humidified box. Secondary
antibodies, goat anti-mouse conjugated with alkaline phosphatase and biotinylated goat anti-rabbit
Vectastain ABC Kit, were applied together, and incubated for 3 h at room temperature. The chromogen
development AP anti-GFAP (blue) was developed before POD anti-C3 (red) due to the different pHs
used (i.e., develop the more basic pH reaction first to avoid cross-reaction).

4.4.3. Terminal Deoxynucleotidyl Transferase-Mediated Deoxyuridine Triphosphate Nick-End
Labelling (TUNEL).

Tissue sections were treated as we have described in a previous publication [50] with an in-situ
cell death detection kit, POD (Roche). Apoptotic cells were observed under microscopy using a Vector
VIP substrate kit (peroxidase detection; Vector Laboratories).
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2 
 

Abstract  

Kaempferol is a natural antioxidant present in vegetables and fruits used in human nutrition. In 

a previous work, we showed that intraperitoneal (i.p.) kaempferol administration strongly 

protects against striatum  neurodegeneration induced by i.p. injections of 3-nitropropionic 

acid (NPA), an animal model of Huntington’s disease. Recently, we have shown that reactive 

A1 astrocytes generation is an early event in the neurodegeneration induced by NPA i.p. 

injections. In the present work, we have experimentally evaluated the hypothesis that 

kaempferol protects both against the activation of complement C3 protein and the generation 

of reactive A1 astrocytes in rat brain striatum and hippocampus. To this end, we have 

administered NPA and kaempferol i.p. injections to adult Wistar rats following the protocol 

described in a previous work.  Kaempferol administration prevents against proteolytic 

activation of complement C3 protein and generation of reactive A1 astrocytes NPA-induced in 

the striatum and hippocampus. Also, it blocked the NPA-induced increase of NF-κB expression 

and enhanced secretion of cytokines IL-1α, TNFα and C1q, which have been linked to the 

generation of reactive A1 astrocytes. In addition, kaempferol administration prevented the  

enhanced production of amyloid β peptides in striatum and hippocampus, a novel finding in 

NPA-induced brain degeneration found in this work.  

Keywords: kaempferol; 3-nitropropionic acid; Wistar rats; C3 protein; reactive A1 astrocytes; 

amyloid β peptides 

1. Introduction 

Kaempferol is a natural antioxidant of the flavonoids group of flavonols that is present 

in many vegetables and fruits widely used in human nutrition. In a previous work, we reported 

that intraperitoneal (i.p.) kaempferol administration strongly protects against brain 

neurodegeneration of the striatum induced by i.p. injections of 3-nitropropionic acid (NPA) 

[Lagoa et al., 2009]. Also, we have shown that intravenous administration of kaempferol afford 
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a large attenuation of brain damage induced by ischemia-reperfusion in a rat model of 

transient focal ischemia caused by occlusion of the middle cerebral artery [Lopez-Sanchez et 

al., 2007]. Owing to the low toxicity of kaempferol in humans, we suggested that this 

compound bears a significant potential therapeutic use as a protective agent against brain 

damage induced by some insults and/or some neurodegenerative diseases. Indeed, 

therapeutic applications of kaempferol have been reviewed recently, with particular emphasis 

in its anti-inflammatory effects [Ren et al., 2019]. 

NPA is a neurotoxin, produced by some fungi and plants, whose systemic 

administration to rodents and non-human primates produces neurological dysfunctions that 

closely mimic some neurological alterations found in human Huntington’s disease (HD) 

[Brouillet et al., 1999, 2005]. Thus, systemic administration of NPA to rodents has been used as 

an animal model to study the molecular and cellular mechanisms underlying the brain 

neurodegeneration observed in this disease. Striatum degeneration is a major common 

feature found in NPA-treated rats and in HD [Brouillet et al., 2005]. Subsequently, it has been 

shown that systemic administration of NPA also elicits metabolic alterations in cortical areas 

vicinal to the striatum, as well as in the hippocampus and the cerebellum [Tsang et al., 2009; 

Menze et al., 2015]. This correlates with cognitive dysfunction, visuospatial deficits, memory 

loss and difficulty in learning new skills, reported in pre-motor stages of HD [Ho et al., 2003; 

Phillips et al., 2008]. 

Neuroinflammation has been shown to be a common cause of tissue stress in brain 

neurodegeneration that contributes to spread an initially focalized neuronal insult widely, and 

it has been shown that  NPA administration induces the activation of neuroinflammatory 

microglia [Ryu et al., 2003; Chakraborty et al., 2014; Jin et al., 2018], activation which has also 

been reported in the striatum and vicinal cortical areas in HD patients [Niccolini and Politis, 

2014]. Activated microglia secretes pro-inflammatory cytokines and enhances ROS and nitric 
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oxide production in the brain [Liu et al., 2002], and oxidative stress caused by ROS 

overproduction has been shown to mediate NPA-induced brain neurodegeneration [Lagoa et 

al., 2009; Brouillet et al., 2005; Nasr et al., 2003; Rosenstock et al., 2004]. Furthermore, 

intracellular oxidative stress elicited by mitochondrial dysfunction is known to activate NF-κB 

signaling pathway [Gutierrez-Merino et al., 2011], and NF-κB activation leads to enhanced 

secretion of the pro-inflammatory cytokines that mediate NPA-induced brain degeneration 

[Ryu et al., 2003; Chakraborty et al., 2014; Jin et al., 2018]. Indeed, i.p. administration of NPA-

induced degeneration of the striatum in adult Wistar rats produces a large decrease of 

reduced gluthatione, as well as a large increase of protein nitrotyrosines [Lagoa et al., 2009]. 

Also, an excess of ROS and nitric oxide causes both reversible and irreversible damage to the 

mitochondrial respiratory chain function [Stewart et al., 2002], and this further potentiates 

NPA neurotoxicity, since NPA impairs the mitochondrial respiratory chain directly, acting as an 

irreversible inhibitor of succinate dehydrogenase [Brouillet et al., 2005]. In addition, the 

inhibition of creatine kinase activity accelerates the neuronal energetic crisis in this 

nitroxidative scenario leading to a sustained ATP depletion that induces rapid cell death [Lagoa 

et al., 2009]. Since many flavonoids are well-known inhibitors of proinflammatory cytokines, 

iNOS, as well as COX-2 gene expression in the brain through inhibition of NF-κB activation, as 

reviewed in Gutierrez-Merino et al. (2011), it could be expected that flavonoids provide 

protection against brain neurodegeneration induced by systemic NPA-administration. 

Interestingly, when we administered i.p. kaempferol, it effectively protects against striatum 

degeneration and motor neurological dysfunctions induced by NPA administration, by 

preventing the decrease of reduced glutathione, the increase of protein nitrotyrosines and the 

inhibition of creatine kinase activity [Lagoa et al., 2009]. Noteworthy, we also reported that 

intravenous administration of kaempferol elicits a large inhibition of protein nitrotyrosines 

production in brain lesion areas during the insult of transient focal cerebral ischemia [Lopez-

Sanchez et al., 2007]. In agreement, Ginkgo biloba extract EGb761, which major component is 
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kaempferol, present neuroprotective properties in brain ischemia models [Saleem et al., 2008]. 

Additionally, the administration of another flavonol, quercetin, has demonstrated to have 

beneficial effects to improve behavioral deficiencies and restore astrocytes and microglia in 

the NPA-induced rat model of HD [Chakraborty et al., 2014]. 

Some neuroinflammatory cytokines secreted by activated microglia in the brain can 

induce the generation of reactive A1 astrocytes that are highly neurotoxic [Zhang et al., 2014; 

Bennett et al., 2016; Liddelow et al., 2017], and also astrocytes dysfunctions or gliosis have 

been reported in the striatum of rats treated with systemic administration of NPA [Lagoa et al., 

2009; Jin et al., 2018; Fu, 1995; Nishino et al., 1997; Lopez-Sanchez et al., 2020]. Recently, we 

have shown that the induction of reactive A1 astrocytes in the striatum, hippocampus and 

cerebellum of rat brains by NPA i.p. administration is an early event in the NPA-induced 

neurodegeneration [Lopez-Sanchez et al., 2020]. Astrocytes have been increasingly viewed as 

critical contributors to neurological disorders [Escartin et al. 2021], and can secrete pro-

inflammatory mediators that induce neuroinflammation and result in disruption in tight 

junctions, finally leading to BBB integrity breakdown and brain edema formation [Farina et al. 

2007; Lee and MacLean 2015]. Of note, neuroinflammation could be induced due to astrocytes 

and microglia activation during brain edemas in 1,2-dichloroethane intoxicated mice [Jin et al., 

2019; Wang et al., 2021]. Furthermore, it has been recently shown that rat astrocytes are 

more sensitive than microglia to 2-choloroethanol, an intermediate metabolite in subacute 

poisoning with 1,2-dichloroethane, and that reactive astrocytes induced by 2-chloroethanol 

poisoning can stimulate microglia polarization [Wang et al., 2021]. Thus, reactive astrocytes 

induced by some chemical insults can also lead to microglia activation. In addition, reactive 

astrocytes can produce neurotoxic amyloid β peptides [Nadler et al., 2008; Zhao et al., 2011; 

Frost and Li, 2017], and this possibility deserved to be studied in NPA-induced brain 

neurodegeneration because it has been recently shown that this neurodegenerative process is 

also a tauopathy [Lahiani-Cohen et al, 2020]. 
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Complement C3 protein gene expression is highly upregulated in reactive A1 

astrocytes [Liddelow et al., 2017]. Thus, C3 protein expression has been used as a specific 

marker of reactive A1 astrocytes generation, as reported in post-mortem tissue of HD patients, 

in which abundant reactive A1 astrocytes have been identified [Liddelow et al., 2017]. 

Nevertheless, it has to be recalled that complement C3 protein is initially produced in an 

inactive form that, in order to be activated, requires partial proteolysis [Huber-Lang  et al., 

2018]. Apart from the classical/lectin and alternative pathway C3 proteases that produce the 

larger C3α fragments (C4bC2a and C3bBb, respectively), additional proteases have been shown 

to act as auxiliary proteases producing further cleavage of C3 [Huber-Lang  et al., 2018]. 

Several of these proteases are activated and/or released into the extracellular medium during 

brain neurodegenerative processes, such as extracellular metalloproteases [Rosenberg, 2009] 

and cathepsins [Nakanishi, 2020]. To the best of our knowledge, the possibility that flavonoids 

can be potent inhibitors of the pathways (classical or alternative) of C3 activation has been 

overlooked to date, although some medicinal plants have shown to contain active ingredients 

such as flavonoids, among others, which are inhibitors of the complement system activation 

[Kulkarni et al., 2005]. 

On these grounds, we hypothesize that kaempferol may protect against both the 

activation of complement C3 protein and generation of reactive A1 astrocytes in the brain 

regions, striatum, hippocampus, that become dysfunctional and degenerate upon systemic 

administration of NPA. To experimentally evaluate this hypothesis, we have used adult Wistar 

rats treated with i.p. injections to administrate NPA and kaempferol as animal model, 

following the protocol of acute NPA injections and co-administration of a protective 

kaempferol dose that we have established in a previous work [Lagoa et al., 2009]. 

 

2. Materials and Methods  
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2.1. Chemicals 

Kaempferol and NPA were supplied by Sigma-Aldrich Spain (Sigma-Aldrich, St. Louis, 

MO, USA). Glycerol and paraformaldehyde were purchased from Panreac (Barcelona, Spain). 

Ketamine was from Pfizer, Madrid, Spain. Diazepam and atropine were obtained from B. 

Braun, Rubí-Barcelona, Spain. All other products were obtained from Sigma-Aldrich or Merck 

(Darmstadt, Germany), unless specified otherwise. 

2.2. Animals and treatments 

We have followed protocols previously established in our laboratory for the systemic 

administration of NPA and kaempferol, [Lagoa et al., 2009; Lopez-Sanchez et al., 2020]. Due to 

this, these protocols are briefly summarized next. 

Male Wistar rats, 9–10 weeks old, weighing 290–340 g, were housed in a 12 h 

light/dark cycle and allowed free access to food and water during the experiment. The 

experimental procedures followed the animal care guidelines of the European Union Council 

Directive 86/609/EEC. The protocols were approved by the Ethics Committee for Animal 

Research of the local government. 

Rats were divided into three experimental groups: KNPA, NPA and Control. The KNPA-

group (n = 6) received a first injection of kaempferol solution, at a dose of 21 mg/kg, 48 h 

before initiation of NPA-treatment. From day 0 to 5 of treatment, a dose of 25 mg of NPA/kg 

body weight (b.w.) was administered every 12 h. Daily, 30 min before the morning NPA 

injection, another 21 mg/kg dose of kaempferol was injected to the rats. Rats from NPA-group 

(n = 6) were treated with 25 mg NPA/kg b.w. every 12 h during 5 days and, instead of 

kaempferol, received 1-mL injections with 2.4%v/v DMSO in saline 48 h before NPA-treatment 

and every day 30 min prior to the morning NPA injection. Control-group (n = 6) received 1 mL 

2.4%v/v DMSO in saline (kaempferol vehicle) and 0.4 mL saline solution (NPA vehicle), with the 

same time schedule of treatment groups. Systemic administration of NPA at a dose of 25 

mg/kg b.w. every 12h caused marked behavioral alterations in the rats, as reported in a 
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previous work [Lagoa et al., 2009]. After the first and second NPA injections, the animals 

showed reduced reactive activity during handlings with respect to control animals, although 

maintained a normal posture and gait. Through days 2 and 3, the animals showed dystonic 

movements of hind limbs and wobbling gait and paddling. On the 4th day, the animals lost 

grasping ability and balance capacity. By day 4-5, the rats became recumbent, with a 

progressive limbs paralysis and moribund appearance. The co-administration of kaempferol 

drastically reduces the neurological disorders induced by NPA. 

To avoid a further loss of animals in the fifth day of treatment, the rats in this group 

with severe pathological symptoms (motor deficit ≥ 6 or weight loss ≥ 15%) were sacrificed at 

the end of day 4. The rats from the KNPA-group, as well as Control-group, were all treated 

until day 5 and sacrificed at this time.  

At the end of treatments, the animals were anesthetized with ketamine (50 µg/g), 

diazepam (2.5 µg/g) and atropine (0.05 µg/g). The brains were immediately removed from the 

skull and washed in cold phosphate-buffered saline (PBS) pH 7.4, and then cut with a tissue 

slicer. All the immunohistochemistry and Western blots shown in this work have been 

performed with brain slices vicinal to those used for TTC staining and without signs of 

microvessel’s hemorrhage.  

2. 3. 2,3,5-Triphenyltetrazolium chloride (TTC) staining 

TTC staining has been performed as described in previous works of our laboratory [Sun 

et al., 2005; Lopez-Sanchez et al., 2007; Lagoa et al., 2009; Lopez-Sanchez et al., 2020]. 

Routinely one striatum slice of the rats of each group was excised for TTC staining to evaluate 

the extent of striatum damage, which is an index of the severity of the neurological lesion 

correlated with the motor deficit of the rats [Ouary et al., 2000]. 

From each of the three experimental groups (KNPA, NPA and Control) sections (1,5 

mm thick coronal slice) corresponding to the regions analyzed, striatum and hippocampus, 
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were immersed in a 2% solution of 2,3,5-triphenyltetrazolium chloride (TTC) in PBS for 15 min 

at 37ºC, and observed under a Leica MZ APO stereomicroscope. 

2.4. Brain samples homogenization and Western blotting 

Dissected brain sections of striatum and hippocampus were immediately frozen in 

liquid nitrogen. Thereafter, samples were kept at -80ºC until use. Samples homogenization and 

Western blotting has been performed as described in detail in a recent publication [Lopez-

Sanchez et al., 2020]. Briefly, weighed brain sections were homogenized in the following ice-

cold buffer: 25 mM tris–(hydroxymethyl)aminomethane hydrochloride (Tris-HCl) at pH 7.4, 150 

mM NaCl, 5 mM ethylenediaminetetraacetic acid, 50 mM NaF, 5 mM NaVO3 and 4-(1,1,3,3-

Tetramethylbutyl)phenyl-polyethylene glycol (Triton X-100) 0.25 %, supplemented with the 

protease inhibitor cocktail SIGMAFAST S8820 (Sigma-Aldrich). After homogenization with a 

glass homogenizer, samples were transferred to a plastic Eppendorf tube and sonicated with 

30-40 pulses of 100 w of 1 s each using a titanium-tip sonicator in an ice-cold recipient. The 

protein concentration of homogenates was determined using Bradford’s method using bovine 

serum albumin (BSA) as protein standard, and later supplemented with 40% glycerol and 

conserved at -80ºC until use for Western blotting. 

SDS-PAGE have been performed in a BIO-RAD mini-Protean Tetra cell following a 

standard protocol with 7.5% acrylamide. Samples were loaded at 20 μg protein per lane after 

heat-denaturation of homogenate samples in 95 mM Tris-HCl buffer (pH 6.8), 3% sodium 

dodecyl sulfate (SDS), 1.5% v/v β-mercaptoethanol, 13% glycerol and 0.005% bromophenol 

blue. After SDS-PAGE, the gel was transferred to a polyvinylidene difluoride (PVDF) membrane 

of 0.2 μm average pore size in standard transfer medium (Trans-BloT TransferMedium, 

BioRad). PVDF membranes were blocked with 3% BSA, washed 6 times with Tris-buffered 

saline (TBS) supplemented with 0.05% Triton X-100 (TBST), incubated with the primary 

antibody against the protein target for 1h at room temperature with shaking. Afterwards, the 

PVDF membrane was washed 6 times with TBST, then incubated with the appropriate 
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secondary antibody conjugated with horseradish peroxidase for 1h at room temperature with 

shaking, washed 6 times with TBST and treated with Clarity TM Western ECL Substrate, BIO-

RAD. Western blots were revealed with Bio-Rad ChemiDocTM XRS+. Primary antibodies used in 

this work: anti-C3 antibody (Abcam ab200999 –rabbit monoclonal, dilution 1:2,000), anti-NF-

κB-p65 polyclonal antibody (Proteintech 10745-1-AP produced in rabbit, dilution 1:1,000) and 

anti-β-amyloid antibody (Sigma-Aldrich A8354 -mouse monoclonal, at 2 μg/mL). Later, 

membranes were washed with deionized water, stripped, blocked with 3% BSA and treated to 

quantify β-actin to monitor protein load as indicated above, using mouse monoclonal anti-β-

actin antibody (Sigma-Aldrich A1978, dilution 1:5,000) or polyclonal anti-β-actin antibody 

produced in rabbit (Sigma-Aldrich A5060, dilution 1:500)  as primary antibody, and anti-mouse 

or anti-rabbit IgG-Horseradish peroxidase (Sigma-Aldrich A0944 and A0545, respectively, 

dilution of 1:5,000 -1:10,000). See Lopez-Sanchez et al. (2020) for additional experimental 

details. 

All the results were confirmed with Western blots of n =6 different samples of each 

experimental condition. Statistical analysis: results of Western blots are expressed as mean ± 

standard error (s.e.). Statistical analysis was carried out by Mann–Whitney non-parametric 

test. Significant difference was accepted at the p < 0.05 level. 

2.5. Immunohistochemistry 

Dissected brain coronal sections of striatum and hippocampus were embedded in 

paraffin wax and cut 7 µm thick. 

In order to identify and localize different cells populations we carried out the following 

immunohistochemistry procedures, described in more detail in Lopez-Sanchez et al. (2020). 

2.5.1. Glial fibrillary acidic protein (GFAP), Interleukin 1α (IL-1α), and Complement 

component 1, subcomponent q (C1q). 

After blocking with 1% BSA for 30 min and incubation with 5% normal goat serum in 

1% BSA and 0.1% Triton X-100 for 2h, tissue sections were incubated with primary antibodies: 
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dilution 1:400 for mouse anti-GFAP antibody (Sigma: G3893), and dilution 1:50 for both mouse 

anti-IL-1α antibody (Santa Cruz Biotechnology: sc-9983) and mouse anti-C1q-C antibody (Santa 

Cruz Biotechnology: SC-365301). Then, secondary antibody (dilution 1:200) was added, a goat 

anti-mouse immunoglobulin G conjugated with alkaline phosphatase (IgG-AP), Santa Cruz 

Biotechnology: sc 3698. Finally, it was revealed with nitroblue tetrazolium/5-bromo-4-chloro-

3-indolyl phosphate (NBT/BCIP) supplied by Roche (catalog nº 1681451). 

2.5.2. Complement component 3 (C3),  Tumor necrosis factor alpha (TNFα) and Nuclear factor 

k B (NF-κB p65). 

Tissue sections were blocked with endogenous avidin/biotin blocking kit (Abcam ab 

64212) and incubated with primary antibodies: dilution 1:2000 for rabbit anti-C3 antibody 

(Abcam ab225539), dilution 1:100 for rabbit anti- TNFα antibody (Abcam ab6671) ), and 

dilution 1:50 for rabbit anti- NF-κB-p65 (Proteintech 10745-1-AP). Sections were incubated 

with avidin-biotinylated horseradish peroxidase complex (Vectastain ABC Kit). Chromogen 

development was performed with peroxidase substrate solution (Vector VIP substrate, SK-

4600). 

2.5.3. Double immunohistochemistry (GFAP+C3; GFAP+ NF-κB). 

For double immunohistochemistry, primary antibody mouse anti-GFAP was applied 

together with rabbit anti-C3,or rabbit anti-NF-κB-p65. Secondary antibodies, goat anti-mouse 

conjugated with alkaline phosphatase and biotinylated goat anti-rabbit Vectastain ABC Kit, 

were applied together. The chromogen development was performed sequentially as follows: 

first, anti-GFAP and secondary antibody conjugated with alkaline phosphatase (blue) and, 

thereafter, the red colour was developed with anti-C3 or anti-NF-κB-p65 and a biotinylated 

secondary antibody conjugated with peroxidase.  

2.6. Image analysis 

 Quantitative analysis of microscopy images has been performed using the Image J® 

software. 

 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 



12 
 

 

3. Results 

3.1. Kaempferol prevents the increase of complement C3 protein expression and activation, a 

reactive A1 astrocyte marker in NPA-induced brain damage. 

Brain samples have been taken from brain slices vicinal to those that display brain 

damage in TTC-stained slices (Supplementary Figure S1), and homogenized as indicated in the 

Materials and Methods. 

Western blots reveal that C3α levels in the striatum and hippocampus strongly 

increased in rats of the NPA-group with respect to Control-group, namely 4,44 ± 0.4 and 5,9 ± 

0.5 -fold, respectively (Figure 1 and Supplementary Figure S2). In addition, these results also 

revealed an enhanced proteolytic processing of C3α in rats of the NPA-group leading to lower 

molecular weight fragments, i.e. C3 protein activation. Of note, in the striatum and 

hippocampus this increase is much higher if the increase is calculated from the sum of the C3α 

and all C3α fragments detected by the anti-C3 antibody used in this work (Abcam, ab200999). 

Thus, these results suggested an enhanced generation of reactive A1 astrocytes in the striatum 

and hippocampus, the brain areas that have been shown in many studies to be more prone to 

NPA-induced degeneration. Indeed, no significant increase of C3α and all C3α fragments can 

be seen in the brain stem of rats of the NPA-group with respect to rats of the Control-group 

(data not shown). 
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Figure 1. Kaempferol i.p. administration protects against the increase of C3α and C3α 
proteolytic fragments induced by i.p. administration of NPA in the striatum and 
hippocampus with respect to rats of the Control-group. (A) Representative Western blot of C3 
protein and and β-actin of striatum and hippocampus homogenates of rats of Control-group 
(CT), NPA-group (NPA) and KNPA-group (KNPA).  (B) After acquisition of images of the Western 
blot with anti-C3 antibody, the PVDF membrane was stripped and processed for the Western 
blot of anti-β-actin, as indicated in the Materials and Methods. The β-actin band has been 
cropped from Supplementary Figure S2 included at the end of this manuscript. The molecular 
weights of the protein markers (MWM) are indicated on the left-hand side. (C) Plot of the ratio 
of (C3α/β-actin) in striatum and hippocampus homogenates of rats of CT-, NPA- and KNPA-
groups. The results shown are the average ±s.e. of Western blots of n = 6 homogenate samples 
of each group of rats. (*) p<0.05 with respect to Control rats. 
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In addition, the results shown in the Figure 1 demonstrated that the increase of the 

C3α was statistically non-significant (p > 0.05) in the striatum and hippocampus of rats treated 

with kaempferol and NPA (KNPA group). The same result was obtained if the calculations are 

performed from the sum of C3α plus all the C3α fragments, instead of only the C3α expression 

level. 

3.2. Immunohistochemical analysis of the regionalization and location of complement C3 

protein and major proteolytic fragments show that kaempferol also protects against reactive 

A1 astrocytes induction in Wistar rats brain by acute i.p. NPA treatment. 

By means of immunohistochemical analysis, we observed the location and 

regionalization of complement C3 protein in brain coronal sections. Since the manufacturer 

indicates that the anti-C3α antibody used in this work can also bind to blood plasma 

components, this point was experimentally assessed using excised rat brain slices of the NPA-

group [Supplementary Figure S3]. Despite that in all this work we have taken special care to 

use in immunohistochemistry brain slices not showing signs of a significant micro-hemorrhage 

in the observation area, small thin lines observed in some of the images are likely fingerprints 

of capillaries.    

Since activation of C3 protein has earlier been identified as a reactive A1 astrocyte 

marker [Liddelow et al., 2017; Lopez-Sanchez et al., 2020], we identified both C3 protein and 

GFAP by means of double immunochemistry in NPA-group (Figures 2A and 2B). C3α and GFAP 

immunostaining is revealed by red and blue color, respectively. The localization and 

distribution of pixels stained in blue and red in the low magnification images of Figures 2A and 

2B can be better seen in the Supplementary Figure S4, which shows the overlay of blue and 

red channel images obtained using Image J software as indicated in the Materials and Methods 

section. Our results show high C3 immunostaining in the lesion core, overlapping with the 

necrotic area, labeling cellular somas. However, ameboid-shape reactive A1 astrocytes are 

hardly seen in this largely degraded lesion core, a results that is consistent with the large drop  
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Figure 2. Double immunohistochemistry with anti-C3 (in red) and anti-GFAP (in blue) 
antibodies in the striatum (A) and hippocampus (B) in the brain coronal sections obtained 
from Control-, NPA- and KNPA- groups. In NPA-group, note C3 immunostaining in the 
cellular somas of the lesion core (lc) in the striatum (A). In contrast, in the area surrounding 
the core (sc) in the striatum (A), ameboid-shape reactive A1 astrocytes (red arrowheads) 
show a co-location of C3 and GFAP, also observed (red arrowheads) in CA1 as well as CA3 
(Ammon´s horn) fields in the hippocampus (B). Co-location of complement C3 and GFAP is 
not observed in Control- and KNPA-groups. As a significant characteristic of anti-C3 
antibody, small blood vessels are marked in the three groups (yellow arrows). Abbreviations 
used in this Figure: AL, alveus; cc, corpus callosum; CTX, Cerebral cortex; DG, dentate gyrus; 
lu, stratum lucidum; o, stratum oriens; p, pyramidal layer; ra, stratum radiatum; slm, 
stratum lacunosum-moleculare. Green arrows: astrocytes. Red scale bars: 200 μm. Green 
scale bars: 10 μm. (C) Histograms of the intensity of positive pixels of the images of C3 
staining, obtained from n =3 different rats of each group obtained with Image J® software. 
Positive pixels means pixels with an intensity higher than 80% of the saturation value and 
the average intensity shown is the normalized value (100% for controls). Rat brain sections 
treated with kaempferol (KNPA-group) show a low immunoreactivity, similar to the 
Control-group. (*) p < 0.05 with respect to Control-group. 

 

of astrogliosis in this area indicated by the results of GFAP immunostaining. On the other hand, 

we observed high C3 immunolabeling in the area surrounding the core but, in this area, double 

immunohistochemistry revealed co-location of C3 and GFAP in the ameboid-shape reactive A1 

astrocytes (Figure 2A). Similarly, our results show co-location of C3 and GFAP in the ameboid-

shape reactive A1 astrocytes located in the hippocampus (Figure 2B), intensively observed in 

CA1 and CA3 areas and the vicinal dentate gyrus.  

Histograms of the average counts of pixels with high intensity of the images of C3α 

staining obtained from different rats of each group are shown in the Figure 2C. The 

quantification of high intensity pixels points out that the average increase is 1.85- and 2.2-fold 

in the lesion core and the surrounding area of the striatum, respectively, and 1.45-fold in the 

hippocampus. 

This increase of distribution and regionalization of complement C3 protein expression, 

as well as the presence of reactive A1 astrocytes, detected in NPA-group is fully prevented in 

rats treated with kaempferol and NPA (KNPA-group) in the regions analyzed, which shows an 

immunostaining pattern very similar to the Control-group of rats (Figures 2A and 2B). 
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3.3. Kaempferol prevents the increase of proinflammatory cytokines IL-1α, TNFα and 

complement C1q in the striatum and hippocampus of NPA-treated rats. 

As shown in a recent publication of our laboratory [Lopez-Sanchez et al., 2020], the 

treatment with NPA also induces increased levels of the proinflammatory cytokines IL-1α, 

TNFα and C1q in the brain regions of Wistar rats that generate reactive A1 astrocytes. It has 

been shown by other investigators that these cytokines are secreted by activated microglia 

inducing neurotoxic A1 astrocytes [Zhang et al., 2014; Bennett et al., 2016; Liddelow et al., 

2017]. A careful selection of brain slices with low capillarity is also of relevance here, since 

Supplementary Figure S3 show the unspecific staining of the blood plasma with anti- 

complement C3, anti-IL-1α and anti-C1q antibodies (yellow arrows), in good agreement with 

the indications of the manufacturers. 

Immunostaining with specific antibodies reveals the increase of IL-1α, TNFα and C1q in 

striatum brain slices of rats of the NPA-group with respect to Control-group (Figure 3A). More 

than two-fold increase can be calculated for the cytokines and complement C1q from cell 

counting of selected higher magnification images. 
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Figure 3. Kaempferol prevents an increase in proinflammatory cytokines IL-1α, TNFα and 
complement C1q in the striatum (A) and in the hippocampus (B) of NPA-treated rats. (A) 
Representative coronal sections of striatum (A) and hippocampus (B) after 
immunohistochemistry with anti-IL-1α, anti-TNFα and anti-C1q antibodies corresponding to 
Control-, NPA- and KNPA-groups. In NPA-group note the cellular somas stained in the area 
surrounding the core (sc) in the striatum (A), and in CA1 and in CA3 (Ammon´s horn) fields in 
the hippocampus (B). Brain sections of rats treated with kaempferol (KNPA-group) show a low 
immunoreactivity, similar to the Control- group. No staining in the cellular soma is observed in 
Control- and KNPA-groups. As a significant characteristic of anti-IL-1α and anti-C1q antibodies, 
small blood vessels are marked in the three groups (yellow arrows). Abbreviations used in this 
Figure: AL, alveus; cc, corpus callosum; lc, lesion core area; lu, stratum lucidum; o, stratum 
oriens; p, pyramidal layer; ra, stratum radiatum.  Yellow scale bars: 100µm. Purple scale bars: 
50µm. Green scale bars: 10 μm.  

 

The frames with higher magnification in the Figure 3A point out the strong staining of 

cell bodies by these cytokines and the small apparent particle size of the cells heavily stained 

with TNFα is consistent with the known nuclear translocation of this cytokine. In addition, the 

striatum brain slices prepared from the KNPA-group display a pattern of immunostaining with 
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the cytokines and complement C1q that is not significantly different to Control-group for C1q 

and TNFα, and at most 20% higher for IL-1α (Figure 3A). 

The results obtained with hippocampus slices also show that NPA treatment increases 

the expression of these cytokines and complement C1q in this brain area and that this is fully 

prevented by co-administration of kaempferol at the doses that prevent C3α activation (Figure 

3B). Anti-IL-1α, anti-TNFα and anti-C1q immunostaining of hippocampus slices point out that 

NPA treatment induced a large increase of these cytokines in the Ammon’s horn CA1 and CA3 

regions, heavily staining the soma of pyramidal neurons. Note that this is not seen in the 

hippocampus slices prepared from the KNPA-group, whose immunostaining pattern is not 

significantly different from those of rats of the control group.  

3.4. Kaempferol prevents the NPA-induced increase of NF-κB expression in the striatum and 

hippocampus.  

Next, we have experimentally assessed whether kaempferol co-administration can 

prevent the NPA-induced rise of NF-κB expression, because activation of NF-κB has been 

shown to take place in NPA-induced brain neurodegeneration [Ryu et al., 2003; Chakraborty et 

al., 2014; Jin et al., 2018] and this is a molecular mechanism underlying the enhanced 

expression of many cytokines [Gutierrez-Merino et al., 2011]. Western blots reveal that NF-κB-

p65 levels in the striatum and hippocampus increased in rats of the NPA-group with respect to 

Control-group, and also that this increase was fully prevented by co-administration of 

kaempferol at the doses that prevented C3α activation (Figure 4).   
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Figure 4. Kaempferol co-administration prevents the increase in NF-κB induced by NPA-
treatment. (A) Representative Western blot of NF-κB and and β-actin of striatum and 
hippocampus homogenates of rats of Control-group (CT), NPA-group (NPA) and KNPA-group 
(KNPA).  (B) After acquisition of images of the Western blot with anti- NF-κB-p65 antibody, the 
PVDF membrane was stripped and processed for the Western blot of anti-β-actin, as indicated 
in the Materials and Methods. The molecular weights of the protein markers (MWM) are 
indicated on the left-hand side. (C) Plot of the ratio of (NF-κB /β-actin) in striatum and 
hippocampus homogenates of rats of CT-, NPA- and KNPA-groups. The results shown are the 
average ±s.e. of Western blots of n = 6 homogenate samples of each group of rats. (*) p<0.05 
with respect to Control rats. 
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These results were confirmed using double immunohistochemistry of coronal slices of 

the striatum and hippocampus (Figure 5). The immunohistochemistry results of the striatum 

presented in the Figure 5A show that the lesion core is only weakly stained both with anti-NF-

κB-p65 and with the glial marker anti-GFAP, which is consistent with the advanced tissue 

damage revealed by TTC staining, as pointed out in a previous work [Lagoa et al., 2009] and 

also in the Supplementary Figure S1. In contrast, the slices of NPA-treated rats displays a large 

increase of anti-NF-κB-p65 and anti-GFAP staining in the area surrounding the striatum lesion 

core with respect to control rats, in good agreement with the immunohistochemistry results 

obtained with anti-C3α staining commented above. The hippocampus of NPA-treated rats is 

not extensively damaged, as shown by TTC staining in the Supplementary Figure S1. The 

immunohistochemistry results shown in the Figure 5B demonstrate that NPA-treatment elicits 

a large increase of anti-GFAP staining in CA1 and CA3 fields of the hippocampus. Co-location of 

NF-κB and GFAP in ameboid-shape reactive astrocytes (labelled with red-arrowheads) can be 

seen in the area surrounding the lesion core of the striatum (Figure 5A) and in CA1 and CA3 

fields of the hippocampus (Figure 5B). Figure 5 also demonstrates that kaempferol at the 

doses that prevented C3α activation also prevents the appearance of co-location between NF-

κB and GFAP immunostaining, being NF-κB immunostaining restricted to neuronal soma of 

hippocampal CA1 and CA3 pyramidal neurons like in the Control group (Figure 5B). It is to be 

recalled that high basal constitutive NF-kB activity was found in glutamatergic neurons of the 

CNS, such as the hippocampus granule cells and CA1 and CA3 pyramidal neurons [Kaltschmidt 

et al., 1994; Kaltschmidt et al., 1995]. 
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Figure 5. Representative coronal sections corresponding to the striatum (A) and 
hippocampus (B) after immunohistochemistry with anti-NF-κB-p65 (in red) of Control- 
and KNPA-groups. And double immunohistochemistry with anti-NF-κB-p65 (in red) and 
anti-GFAP (in blue) antibodies in NPA-group. In NPA-group, note co-location of NF-κB-p65 
and GFAP in ameboid-shape reactive A1 astrocytes (red arrowheads) in the area 
surrounding the core (sc) in the striatum (A) and in CA1 and in CA3 (Ammon´s horn) fields 
in the hippocampus (B). In the lesion core area (lc) of the striatum (A) no staining in cellular 
somas is observed with NF-κB-p65 in Control-, NPA- and KNPA- groups. In contrast, in the 
hippocampus (B) pyramidal neurons (p) of CA1 and CA3 show staining with NF-κB-p65 in 
Control-and KNPA- groups. Abbreviations used in this Figure: AL: alveus; cc: corpus 
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callosum; CTX: Cerebral cortex; DG: dentate gyrus; lu: stratum lucidum; o: stratum oriens; 
ra: stratum radiatum. Red scale bars: 200 μm. Green scale bars: 10 μm. 

 

3.5. Kaempferol protects against the increase of amyloid β peptides production in the 

hippocampus and striatum of NPA-treated rats. 

A recent study has pointed out that NPA-induced brain neurodegeneration can be also 

classified as a tauopathy [Lahiani-Cohen et el., 2020]. As neurofibrillary tangles of tau and 

amyloid β peptides are major hallmarks in Alzheimer’s disease neurodegeneration, a 

neurodegenerative disease in which the generation of reactive A1 astrocytes has also been 

reported [Liddelow et al., 2017], we decided to experimentally assess whether astroglia 

activation leads to an increased production of amyloid β peptides in the striatum and 

hippocampus during NPA-induced brain  neurodegeneration. The results of Western blots of 

homogenates of striatum and hippocampus slices stained with anti-amyloid β peptides of rats 

of control, NPA-treated and KNPA-treated groups are shown in the Figure 6. In the Figure 6C it 

is presented the analysis of the ratio C99-cleavege fragment of APP/β-actin, but a similar trend 

can be seen in the protein bands corresponding to smaller size amyloid β peptides, bands 

between 35 and 50 kDa and peptides of less than 15 kDa migrating near the front of the gel. 

These results demonstrated that treatment with NPA induces amyloid β peptides production in 

both brain areas and, also, that co-administration of kaempferol at the doses that prevent C3α 

activation completely protect against the increase of amyloid β peptides production induced 

by i.p. treatment of rats with NPA. 
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Figure 6. Kaempferol co-administration prevents the increase in amyloid β peptides induced 
by NPA-treatment. (A) Representative Western blot of amyloid β-peptides and and β-actin of 
striatum and hippocampus homogenates of rats of Control-group (CT), NPA-group (NPA) and 
KNPA-group (KNPA).  (B) After acquisition of images of the Western blot with anti-β-amyloid 
antibody, the PVDF membrane was stripped and processed for the Western blot of anti-β-
actin, as indicated in the Materials and Methods. The molecular weights of the protein 
markers (MWM) are indicated on the left-hand side. (C) Plot of the ratio of (C99 cleavage 
fragment of APP of 50–55 kDa /β-actin) in striatum and hippocampus homogenates of rats of 
CT-, NPA- and KNPA-groups. The results shown are the average ±s.e. of Western blots of n = 6 
homogenate samples of each group of rats. (*) p<0.05 with respect to Control rats. 
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4. Discussion 

The major result of this work is the protection against proteolytic activation of 

complement C3 protein by i.p. administration of kaempferol at a dose that also protects 

efficiently against the rise of markers of neurodegeneration and against the neurological 

dysfunctions induced by acute i.p. injections of the neurotoxin NPA in male adult Wistar rats, 

as shown by the good neurological scores of the rats of the KNPA-group, which are in good 

agreement with those reported in an earlier work [Lagoa et al., 2009]. To the best of our 

knowledge this a novel finding not previously reported elsewhere. The kaempferol dose used 

to perform this work, 21 mg/kg b.w., was chosen on the basis of a previous study of our 

laboratory with this experimental model of i.p. injections of NPA [Lagoa et al., 2009]. Lower 

doses of kaempferol afforded only a partial protection against striatum degeneration [Lagoa et 

al., 2009]. Also, it is to be noted that herbal extracts of Persicaria lapathifolia that contains 

kaempferol glycoside has been shown to be inhibitors of the classical pathway of complement 

C3 protein activation [Park et al., 1999]. The results of this work show that i.p. administration 

of kaempferol results in an almost complete blockade of the NPA-induced increase of C3α and 

other proteolytic fragments of C3 (iC3b, C3α fragment 2 and lower molecular weight 

fragments) in the brain regions studied, i.e. striatum and hippocampus. Of note, in a recent 

study we have shown that a rise of C3α levels is an early event in NPA neurotoxicity that 

precedes the appearance of severe neurological dysfunctions [Lopez-Sanchez et al., 2020]. 

Taking into account that the TTC staining of brain slices of rats of the NPA-group shows large 

differences between the extent of damage in the striatum and the hippocampus, this result by 

itself points out that kaempferol bears a large therapeutic potential to protect against NPA-

induced brain degeneration in major brain regions affected by this neurotoxin. Indeed, 

histochemical results lend further support to this conclusion, since the levels of tissue markers 

of NPA-induced brain neuroinflammation (C3 activation, NF-κB immunostaining, astrogliosis 

and pro-inflammatory cytokines IL-1α, TNFα and C1q) and neurodegeneration (TTC staining 
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and TUNEL labelling), in striatum and hippocampus slices from rats of the KNPA-group are 

similar to those found in the slices of these brain areas from the Control-group, this work and 

our previous work [Lagoa et al., 2009]. 

The histochemical studies shown in this work also reveal that C3α immunostaining in 

the brain show a remarkable regional and cellular pattern after i.p. injections with acute NPA 

doses leading to neurological dysfunctions that mimic those found in Huntington’s disease. Li 

et al. (2019) have reported that neurons showing signs of degeneration are marked by 

upregulated proteins C3 and C1q and are surrounded by activated microglia. In the striatum, 

the brain region undergoing the more extensive damage according to our TTC staining results, 

the immunostaining with anti-C3 antibody is largely enhanced not only in the necrotic area 

visualized with TTC staining, but also in the vicinal cortical and striatum areas surrounding the 

lesion core. Indeed, the anti-C3 antibody immunostaining is more intense in these latter vicinal 

areas, as expected due to the extensive cell loss and tissue degradation observed in the lesion 

core in this work, accompanied by a significant loss of protein mass as shown in a previous 

work [Lagoa et al., 2009]. As we have shown in a recent work [Lopez-Sanchez et al., 2020], in 

early stages of NPA-induced neurotoxicity the immunostaining pattern observed with anti-C3 

antibody in the striatum slices of rats of the NPA-group closely mimics the immunostaining 

pattern observed with the glial marker anti-GFAP antibody, which revealed astrogliosis. In this 

work, at an advanced stage of NPA-induced striatum degeneration, double immunostaining 

with anti-C3 and anti-GFAP antibodies showed their co-localization in ameboid-shape 

astrocytes mostly in areas surrounding the lesion core of the striatum in this work, likely 

because most of reactive A1 astrocytes have been already degraded in the lesion core 

However, secreted activated C3, a specific marker of these neurotoxic astrocytes [Liddelow et 

al., 2017], seems to remain high in the lesion core of the striatum for some time after A1 

astrocytes are degraded, becoming a fingerprint of earlier generation of these type of 

astrocytes. Furthermore, this conclusion is also supported by the similarity between 
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immunostaining patterns obtained with anti-TNFα, anti-IL-1α and anti-C1q antibodies, because 

these cytokines secreted by activated microglia are known to foster reactive A1 astrocytes 

generation [Liddelow et al., 2017]. Noteworthy, the immunostaining patterns of C3, GFAP, IL-

1α, C1q and TNFα antibodies obtained with striatum slices of the rats of the KNPA-group are 

not significantly or only weakly different to those obtained with striatum slices of the rats of 

the Control-group. Therefore, we can conclude that i.p. administration of kaempferol at the 

dose used in this work prevents efficiently against the activation of complement C3 protein 

and generation of reactive A1 astrocytes induced by acute treatment with NPA in the striatum. 

In a previous work, we have shown that induction of reactive A1 astrocytes by i.p. NPA 

administration is an early event in NPA neurotoxicity that takes place not only in the striatum, 

but also in the hippocampus [Lopez-Sanchez et al., 2020]. It is to be recalled here that systemic 

NPA administration to rodents has been shown to produce memory impairment [Menze et al., 

2015; Browne et al., 1999]. Noteworthy, the immunohistochemical results obtained in this 

work with slices of the hippocampus of rats of the NPA-group show the presence of A1 

astrocytes in CA1 and CA3 hippocampal regions, and the vicinal dentate gyrus area. We wish to 

note that anti-C3 antibody will give positive immunostaining of all type of cells expressing C3α 

or C3α-derived fragments or their corresponding complement receptors bound to these C3 

fragments, which are transmembrane proteins anchored at the cell surface [Li et al., 2011]. In 

addition, other proteases like extracellular metalloproteinases and cathepsins, which are 

activated in brain neurodegeneration [Rosenberg, 2009; Nakanishi, 2020], can act as auxiliary 

proteases in the proteolytic processing C3 [27]. Indeed, C3 expression has been reported in 

experimental models of neuronal apoptotic cells [Thomas et al., 2000; Morita et al., 2006; 

Hernandez-Encinas et al., 2016]. In contrast, the weak immunostaining with anti-C3, anti-IL-1α, 

anti-C1q and anti-TNFα antibodies found in the hippocampus slices from rats of the KNPA-

group is not significantly different to that found in slices from rats of the Control-group. 

Therefore, we can conclude that i.p. administration of kaempferol also prevents efficiently 
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against the activation of complement C3 protein and generation of reactive A1 astrocytes 

induced by acute treatment with NPA in the striatum and the hippocampus. 

In a previous work we showed that i.p. co-administration of 21 mg of kaempferol/kg 

b.w.  largely prevents the rise of cellular oxidative stress markers in NPA-induced brain 

degeneration [Lagoa et al., 2009]. In this work, we show that i.p. co-administration of this dose 

of kaempferol fully prevents against the rise of the expression of NF-κB in the striatum and in 

the hippocampus of NPA-treated rats. In addition, it has been shown that the secretion of pro-

inflammatory cytokines that mediate NPA-induced brain degeneration is elicited by NF-κB 

activation [Ryu et al., 2003; Chakraborty et al., 2014; Jin et al., 2018]. Therefore, our results 

lend support to the hypothesis that the activation of NF-κB signaling pathway by cellular 

oxidative stress is the major molecular mechanism underlying the enhanced production of pro-

inflammatory cytokines IL-1α, TNFα and C1q in NPA-induced degeneration of the striatum and 

of the hippocampus. However, the putative implication of other cellular stress signaling 

pathways in the production of these cytokines cannot be excluded. Thus, the molecular 

mechanisms of the blockade by kaempferol of reactive A1 astrocyte generation in the rat brain 

induced by i.p. administration of NPA deserve to be further investigated. Nevertheless, the 

results reported in this work reveal a potential novel therapeutic use of this flavonoid, because 

induction of neurotoxic reactive A1 astrocytes has been found in post-mortem samples of 

many human neurodegenerative diseases, like Alzheimer’s, Parkinson’s and Huntington’s 

diseases and in amyotrophic lateral sclerosis and multiple sclerosis [Liddelow et al., 2017]. 

Indeed, Stanek et al. (2019) using the YAC128 mouse model have suggested that astrocyte 

dysfunction may play a critical role on Huntington’s disease pathogenesis, although this is still 

a controversial point because it has been questioned by other authors using another mouse 

models [Diaz-Castro et al., 2019]. The effective doses of kaempferol that afford protection 

against activation of complement C3 protein in the brain are likely to be strongly dependent 

upon the administration route of this flavonoid. Indeed, in a previous work we showed that 
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intravenous injections of only 100-200 μM of kaempferol in the blood produce an extensive 

protection against the striatal neurodegeneration caused by transient focal cerebral ischemia 

induced by middle cerebral artery occlusion in adult rats [Lopez-Sanchez et al., 2007]. For 

comparison, the amount of kaempferol used for intravenous injections in Lopez-Sanchez et al. 

(2007) were 0.16-0.25 mg of kaempferol/kg b.w., while i.p. injections used in this work have 

been 21 mg of kaempferol/kg b.w. 

Finally, in this work we found an increase of amyloid β peptides in the striatum and a 

higher increase in the hippocampus of NPA-treated rats. To the best of our knowledge this is a 

novel finding in NPA-induced brain neurodegeneration and it has a special relevance, because 

exposure to NPA has been recently shown to induce tau pathology in tangle-mouse model and 

also in wildtype-mice [Lahiani-Cohen et al, 2020]. Therefore, this neurodegenerative process 

shares these molecular biomarkers with Alzheimer’s disease, in which reactive A1 astrocytes 

have been reported to be generated as well [Liddelow et al., 2017]. Also, our results show that 

co-administration of kaempferol prevents the increase of amyloid β peptides induced by NPA. 

This is likely due to the protection afforded by kaempferol against the generation of reactive 

astrocytes, as it has been shown that they can produce neurotoxic amyloid β peptides [Nadler 

et al., 2008; Zhao et al., 2011; Frost and Li, 2017]. Yet, the putative beneficial effects of 

kaempferol in Alzheimer’s disease is a pending issue, although clinical trials have reported 

improvements in cognitive function and memory impairment from treatment with the 

flavonoid-rich Ginkgo biloba extract [Praticó and Delanty, 2000; Ward et al. 2002], a extract 

that contains kaempferol.  

In summary, i.p. administration of daily doses of 21 mg of kaempferol/kg b.w. prevents 

efficiently against the proteolytic activation of complement C3 protein and generation of 

reactive A1 astrocytes induced by acute treatment of adult Wistar rats with NPA in the brain 

regions studied in this work, i.e. striatum and hippocampus. This action of kaempferol 

correlates with its ability to afford protection against NPA-induced neurodegeneration of these 
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brain areas. Kaempferol also blocks the activation of the NF-κB signaling pathway, suggesting 

that this is the major molecular mechanism inducing the enhanced secretion of cytokines IL-

1α, TNFα and C1q that elicits the generation of reactive A1 astrocytes in the rat model used in 

this work. In addition, an enhanced production of amyloid β peptides has been found  in NPA-

induced brain degeneration, which is also prevented by kaempferol administration. Thus, this 

work highlights novel biological roles of this antioxidant flavonoid. The inhibition by 

kaempferol of C3 proteolytic activation in the brain suggest a potential novel therapeutic use 

of this flavonoid, because induction of neurotoxic reactive A1 astrocytes has been found in 

post-mortem samples of many human neurodegenerative diseases. 
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