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General Introduction 

Alzheimer's disease is a neurodegenerative disorder characterized by impaired cognitive 

processes such as memory and learning. It is estimated that 50 million people currently 

live with dementia worldwide, a figure that will increase to 150 million in 2050 

(“Alzheimer’s disease facts and figures”, 2020). A small percentage of Alzheimer's 

cases (an estimated 1%) have a family origin (FAD) and are developed as a 

consequence of mutations in the genes that code for proteins responsible of the 

production of amyloids such as the precursor (APP) or mutations in the genes 

responsible for recycling of amyloids, such as the presenilin 1 (PSEN1) and presenilin 2 

(PSEN2) (Nelson et al., 2010). Ninety-nine percent of Alzheimer's cases have a 

sporadic origin (SAD) and are triggered by the presence of genetic factors that increase 

the risk of developing the disease. Among those, an extra copy of chromosome 21 

characteristic of Down syndrome that contains the gene that codes for APP or the 

presence of the e4 form of the apolipoprotein E (APOE) gene. Furthermore, 

environmental factors such as aging, cardiovascular problems, diabetes, smoking and 

obesity, among others are also related to the development of sporadic AD (Corder et al., 

1993; Hsia et al., 1999). 

This disease begins with imperceptible behavioral changes for the affected person, 

changes that can last up to 20 years before the first notable symptoms appear, such as 

memory loss. Two of the main pathological features characteristic of AD are the 

accumulation of beta-amyloid (Aβ) that generates beta-amyloid plaques and the 

formation of neurofibrillary tangles of hyperphosphorylated tau protein. Since its 

discovery more than a century ago, different in vitro and in vivo models have been used 

for its study and various hypotheses have been formulated to explain the development 

of the disease, among which the most accepted is "the amyloid cascade hypothesis". 

This hypothesis postulates that the accumulation of beta-amyloid (Aβ) triggers 

neurodegeneration and finally memory and learning dysfunction (Hardy and Selkoe, 

2002; Lesné et al., 2006) as a consequence of alterations in cellular memory 

mechanisms like long-term potentiation (LTP) and long-term depression (LTD). These 

alterations are a consequence of changes in the expression and activity of glutamatergic 

receptors, such as N-methyl-D-aspartate receptors (NMDARs) and α-amino-3-hydroxy-

5-methyl-4-isoxazolpropionic acid receptors (AMPARs), and the homeostasis of Ca2 +. 
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Despite this, current therapeutic strategies seek to reduce Aβ accumulation and increase 

its elimination, ignoring alterations in cellular mechanisms in the synapses. 

Thus, strategies such as the use of drugs Semagacestat and Avagacest, which reduce Aβ 

production in neuronal culture and animals with AD as well as anti-Aβ vaccines that 

increase the Aβ clearance process (Coric et al., 2012; Henley et al., 2009) have failed in 

slow or stop the neuronal damage and destruction that characterize the disease and make 

it fatal (Quote-association 2020). Currently, we still do not know the cellular 

mechanisms in the early stages of AD neither can explain the impairment of learning 

and memory processes in terms of the cellular alterations of synaptic transmission. On 

the other hand, even though aging is one of the main risk factors for the development of 

AD, both the common mechanisms between aging and AD nor how this senescent 

process facilitates the development of AD are still unclear. Therefore, a detailed review 

of the main research studies in this area was necessary and showed many gaps in the 

field.  

The Chapter I entitled (Review): "Synaptic plasticity in Alzheimer's and healthy aging" 

(Cuestas and Cárdenas, 2020), is the result of the classifying, analyzing and describing 

the findings to date, related to the alterations in synaptic plasticity mechanisms behind 

the AD and healthy aged; furthermore, of the search of common cellular mechanisms  

between healthy aged and AD. After making this detailed review and recognizing gaps 

about cell processes during the early stages of AD, we created a method that allows us 

to do an electrophysiological evaluation of the spontaneous synaptic activity of 

hippocampal cells and to do a direct and easy exposition to Aβ as a way to simulate one 

of the main characteristics of AD. At this point, arise Chapter II entitled: "Whole-cell 

patch clamping method used in primary culture of hippocampal neurons exposed to 

Aβo", as a model that enables the electrophysiological analysis of the spontaneous 

activity of hippocampal cells under conditions of exposition of Aβo.  

Finally, given the little information about the presynaptic and postsynaptic cell 

mechanisms behind AD in its early stages in hippocampal cells, we evaluated 

spontaneous activity, specifical alterations in amplitude, frequency, and firing patterns 

of spontaneous postsynaptic excitatory currents miniature (mEPSCs) under conditions 

of exposure to Aβ. In this way, arise the last chapter, entitled: "Amyloid Beta Oligomers 

increases the amplitude and changes the firing pattern of spontaneous miniature 

excitatory postsynaptic currents of hippocampal neurons in an in vitro model of 
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Alzheimer’s disease", as an indirect way to elucidate the presynaptic and postsynaptic 

cell mechanisms in hippocampal neurons under exposure to Aβo.   

Understanding how the cell processes in the synapses are affected in the early stages of 

the AD is essential to identifying new presynaptic and postsynaptic targets. The 

direction of future pharmacological treatments toward these new targets will allow slow 

down or stop the progress of the disease. The application of this type of strategy will 

possibly recover the homeostasis of the synaptic transmission and with then, the correct 

functioning of the mechanisms of synaptic plasticity fundamental for cognitive 

processes.
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SYNAPTIC PLASTICITY IN ALZHEIMER’S 

DISEASE AND HEALTHY AGING 

 

Abstract 

The strength and efficiency of synaptic connections are affected by the environment or the experience of 

the individual. This property, called synaptic plasticity, is directly related to memory and learning 

processes and has been modeled at the cellular level. These types of cellular memory and learning models 

include specific stimulation protocols that generate a long-term strengthening of the synapses, called 

long-term potentiation (LTP), or a weakening of said long-term synapses, called long-term depression 

(LTD). Although researchers have believed that the main cause of the cognitive deficit that characterizes 

Alzheimer’s disease (AD) and aging was the loss of neurons for decades, the hypothesis of an imbalance 

in the cellular and molecular mechanisms of synaptic plasticity underlying this deficit is currently widely 

accepted. An understanding of the molecular and cellular changes underlying the process of synaptic 

plasticity during the development of Alzheimer’s disease and aging will direct future studies to specific 

targets, resulting in the development of much more efficient and specific therapeutic strategies. In this 

review, we classify, discuss, and describe the main findings related to changes in the neurophysiological 

mechanisms of synaptic plasticity in excitatory synapses underlying AD and aging. In addition, we 

suggest possible mechanisms by which aging can become a high-risk factor for the development of 

Alzheimer’s disease and how its development could be prevented or slowed.  

Keywords 

Alzheimer’s disease, aging, synaptic plasticity, review
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1. Introduction  

Alzheimer’s disease (AD) is a neurodegenerative disorder that causes memory loss and 

a deterioration of cognitive function. This disorder manifests in late adulthood, usually 

at 65 years of age, becoming one of the most common causes of dementia in people 

older than 60 years (Masters, CL. et al., 2015). In 2019, 55 million people suffered from 

dementia worldwide, and that number is projected to double every 20 years, reaching 88 

million by 2050. Accordingly, approximately ten million new cases of dementia are 

predicted to be diagnosed annually worldwide, which translates to one new case every 

3.2 seconds. This type of disease represents an expenditure of more than US$ 800 

billion or 1.09% of the gross domestic product (GDP) worldwide (Alzheimer´s 

Association, 2019). 

One of the main pathological features of AD is the excessive production of Aβ 1-42. 

However, the etiology of this disease is complex and multifactorial, with a notable 

overlap between familial and sporadic forms. The familial form (FAD) is due to 

mutations in the amyloid precursor protein (APP) gene (Ghani et al., 2018), the 

presenilin1 gene (PSEN1) and presenilin 2 gene (PSEN2) (Sherrington et al., 1995; 

Wong, 2019) and the sporadic form (SAD) is more complex and result of the interaction 

between genes and the environment. The only risk factor currently confirmed is the 

presence of the epsilon4 allele in Apolipoprotein E (ApoE) (Piaceri et al., 2013), 

although independent studies of AD genome association (GWAS) have reported 

possible new risk factors for AD (Bertram et al., 2010). Another pathological 

characteristic is the formation of intracellular neurofibrillary tangles (NFT) composed of 

hyperphosphorylated microtubules associated with tau proteins, which are toxic to the 

cell (Pir et al., 2019) because they play an important role in the harmful effect of Aβ 

(Ittner and Götz, 2011) and deteriorate cognitive function (Oddo et al., 2006). 

Additionally, in recent decades the role of synaptic activity in the regulation of Aβ 

levels has been examined (Cirrito et al., 2005; Bordji et al., 2011), since synaptic 

activity affects the proteolytic processes of APP (Hefter and Draguhn, 2017). 

According to different studies, memory and learning deficits are highly correlated with 

changes in neuronal and synaptic density. During the aging process, a reduction in 

axonal sprouting is evident and is attributed to factors such as the detriment of the 

ability of neurons to synthesize the materials necessary for growth, the inability of 



 

10 
 

target cells to accept new synapses, and/or changes in the signal threshold (Burke and 

Barnes, 2006; Fan et al., 2018). Similar changes are observed in patients with AD, in 

whom the massive loss of neurons and the loss of synapses in the hippocampus is 

evident and is attributed to the accumulation of NFT and the tau protein, as well as the 

presence of senile plaques (SP) caused by the accumulation of Aβ (Arriagada et al. 

1992; DeVos et al., 2018). Therefore, as AD develops, the characteristic accumulation 

of Aβ oligomers generates progressive changes in the expression of proteins that 

regulate synaptic function (Counts et al., 2014). 

Synaptic connections are dynamic strengthening or weakening in response to changes in 

neuronal activity. Synaptic plasticity involves processes such as the release and 

recycling of vesicles, trafficking of neurotransmitter receptors, mobilization of adhesion 

molecules, and changes in the genes expressed in neurons (Ho, Lee, and Martin, 2011). 

Therefore, the probability of neurotransmitter release, mobilization, coupling, fusion, 

and recycling of the vesicles modulate the changes in the strength of the synaptic 

connection. This mechanism plays a crucial role in learning and memory processes and 

has been widely studied in the three hippocampal integration pathways (the perforant 

pathway, the mossy fiber pathway, and the Schaffer collateral pathways). In addition, it 

has been modeled at the cellular level using high-frequency stimulation protocols that 

generate a strengthening of the synapses from minutes to even lifelong long-term 

potentiation (LTP) (Bliss and Gardner-Medwin, 1973). Low frequency stimuli that 

produce a weakening of the synapses that also last from minutes to lifelong periods is 

called long-term depression (LTD) (Dudek and Bear, 1993).  

LTP and LTD are considered the first cellular models of synaptic plasticity and both 

depend on the postsynaptic increase in intracellular Ca2+ concentrations, which in turn 

activate multiple enzymatic signaling cascades, including kinases, such as the 

Ca2+/calmodulin kinase II (CaMKII) and kinase C (PKC) complex. Furthermore, the 

induction of synaptic plasticity requires the activation of both Ca2+-permeable N-

methyl-D-aspartate receptors (NMDARs) and α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptors (AMPARs), and in the case of the long-lasting forms 

of synaptic plasticity that underlie long-term memory, the synthesis of new RNA is also 

necessary. RNA synthesis involves the regulation of transcription through different 

routes activated by Ca2+, which in turn activate different programs to induce gene 

expression (Greer and Greenberg, 2008).  
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For a long time, it was believed that the main cause of cognitive deficits in aging and 

AD was a neuronal and synaptic loss. Currently, the hypothesis of the involvement of 

an imbalance between cellular and molecular mechanisms is now widely accepted. 

However, little information is available about the relation between these mechanisms 

and the deterioration of cognitive function. In addition, the level of interaction between 

these two processes and the mechanism by which aging increases the risk of developing 

AD remains unclear. 

In this review, we classified, discussed, and described the recent related studies and 

presented the possible mechanisms by which aging increases the risk of developing AD 

to establish how changes in the molecular and cellular mechanisms of synaptic 

plasticity in excitatory synapses explain the cognitive deficits observed during AD and 

aging. Initially, we discuss studies that indicate how changes in morphological and 

functional plasticity could contribute to the development of AD. After that, the relation 

between morphological and functional plasticity changes and aging processes are 

reviewed. Finally, the relationship between those changes and the increased risk of AD 

development are revisited. In addition, new approaches to future studies at much more 

specific targets are suggested and this could result in the formulation of more efficient 

and effective strategies for the diagnosis, prevention, and treatment of both Alzheimer’s 

disease and aging process. 

2. Synaptic plasticity and Alzheimer’s disease (AD) 

2.1 The hippocampus and AD 

The hippocampus is essential in the processes of spatial and episodic memory (Squire, 

2004). This brain area has two main subdivisions: 1) the dentate gyrus (DG), a tight 

layer of granular cells wrapped around the end of the hippocampus to form a V-shaped 

cradle, and 2) the areas of Cornu Ammonis CA1 to CA4 that they emerge from the DG 

and contain packed pyramidal cells (Hyman, Kromer and Hoesen, 1987). 

Communication with the cortex occurs through the perforating pathway which connects 

the entorhinal cortex with the DG. This, in turn, communicates with CA3 through the 

mossy fiber pathway. CA3 connects to CA1 through the Schaffer collateral pathway. 

Finally, CA1 projects back to the entorhinal cortex by closing the loop (Knierim, 2015). 

NFTs have been observed in the entorhinal cortex as well as in the medial temporal 

isocortex (Hyman, Van Hoesen, Damasio and Barnes, 1984; Geddes et al., 1985; 

Gómez-Isla et al., 1996), showing a highly significant correlation with cognitive 
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impairment in patients with AD (Giannakopoulos et al., 2003; Tracy and Gan, 2018). 

Likewise, Aβ plays an important role in the development of the disease, accumulating in 

the extracellular space as a result of the processing of the APP by β-secretase (Findeis, 

2007) Figure 1. The hypothesis that the smaller soluble Aβ aggregates, called Aβ 

oligomers, are the main cause of the deterioration of the normal function of the synapses 

rather than the loss of neurons is now widely accepted (Li et al., 2011). In 2015, 

Talantova et al. discovered that Aβ induces a significant synaptic loss also through 

astrocytic mechanisms. 

Therefore, because the accumulation of Aβ and the presence of NFTs are the two main 

characteristics observed during the development of AD, the study of the specific 

molecular mechanisms involved in both the accumulation of Aβ and in the formation of 

NFTs in specific areas of the hippocampus, the signaling pathways activated by both Aβ 

and NFTs in these areas and their relationship with alterations in synaptic activity may 

provide clues to the possible causes of the cognitive deficit that characterizes AD.  

2.2 Structural plasticity of the hippocampus 

A series of structural changes in the hippocampus underlies AD and cognitive 

deterioration, specifically a decrease in synaptic density (Dekosky and Scheff, 1990; 

Terry et al., 1991; Scheff and Price, 2003). Accordingly, the number of synapses in both 

the inner and outer layers of the DG of the hippocampus is decreased (Scheff and Price, 

1998). Similarly, the synapses within the supragranular layer, which is located below 

the inner molecular layer, are also reduced (Bertoni-freddari, Fattoretti, Casoli, Meier-

ruge, and Ulrich, 1990). A decrease in synaptic density is probably due to the loss of 

afferent innervation from the ipsilateral entorhinal cortex and not to the loss of granule 

cells (Hyman et al., 1987; Yasuda et al., 1995; Gómez-Isla et al., 1996; Scharfman y 

Chao, 2013). Studies examining the effects of AD on the structure of the hippocampus 

in individuals with mild cognitive impairment (MCI) and individuals with no cognitive 

impairment (NCI) reported a significant reduction in the total number of synapses in the 

stratum radiatum, a region of CA1, in patients with MCI compared with individuals 

NCI (Scheff, Price, Schmitt, and Mufson, 2006). Although, these effects depend on the 

phenotype of the neuronal cell and the type of afferent. Thus, in the CA1 region that 

receives Schaffer collateral afferents from CA3 and no glutamatergic afferents from the 

entorhinal cortex, a significant increase in dendritic length (18%) and complexity (21%) 

has been observed in subjects with MCI compared with individuals with NCI. 

Conversely, a significant reduction in the dendritic tree (35%) and its complexity 
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(25%), as well as a loss of dendritic spines in the CA1 region and in the hippocampal 

dentate gyrus during progression from MCI to AD has been reported ( Mucke et al., 

2000; Giannakopoulos et al., 2003; Lanz, Carter, and Merchant, 2003; Lanz et al., 2003; 

Jacobsen et al., 2006). Nevertheless, according to a previous study (Dekosky and 

Scheff, 1990), as the number of synapses decreases, the size of each individual residual 

synapse increases (Spires and Hyman, 2005).  

A correlation has been found between the proximity to Aβ plates and the severity of 

changes in dendritic arborization; such that, changes in dendritic arborization are much 

more significant in the vicinity of Aβ plates in APP / PS1 transgenic mice (Moolman, 

Vitolo, Vonsattel and Shelanski, 2004; Spiers and Hyman, 2005; Dong, Martin, 

Chambers and Csernansky, 2007). Similarly, different studies with tau transgenic mice 

have also revealed a decrease in the density of the dendritic spines of pyramidal neurons 

by up to 30% (Rocher et al., 2009), as well as a marked reduction in the complexity of 

the arborization of these neurons (Boekhoorn, 2006; Eckermann et al., 2007; Thies and 

Mandelkow, 2007; Dickstein and Hof, 2011). Based on the results from these studies, 

both the high concentrations of Aβ and the presence of NFTs cause a noticeable 

reduction in dendritic density, length, and complexity during the development of AD 

See Table 2. 

Since the structural changes during AD are determined by the type of neuron, its 

afferents and the point of development of AD. Future studies should be directed towards 

the evaluation of the remodeling and structural reorganization processes triggered in 

specific neurons of the hippocampus and cortex in specific points of the development of 

AD. From these studies, it will be possible to establish a direct relationship between 

these and the functional changes observed at the synaptic level. 

2.3 Functional plasticity of the hippocampus 

Synaptic efficiency decreases due to significant reductions in synaptic vesicles during 

AD (Yao et al., 2003; Counts, Alldred, Che, Ginsberg, and Mufson, 2014). According 

to Counts and colleagues (Counts et al., 2014), gene expression in CA1 changes 

progressively in subjects with NCI, MCI, or AD, showing a significant decrease in the 

expression of proteins that regulate different phases of synaptic function, such as 1) 

presynaptic vesicle trafficking (synaptophysin and synaptogyrin), 2) vesicle 

coupling/fusion/release (synaptotagmin and syntaxin 1), and 3) excitatory postsynaptic 

function regulators (PSD-95 and Homer-1). Previous biochemical studies of protein 

levels have also revealed a decrease in the levels of postsynaptic proteins such as PSD-
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95 and drebrin in patients with MCI compared with individuals with NCI (Hatanpaa et 

al., 1999; Sultana et al., 2010; Liu et al., 2017). The drebrin protein, a postsynaptic 

regulator of the morphogenesis of dendritic spines (Hayashi et al., 1996; Koganezawa et 

al., 2017), becomes a critical target for PSD-95, which is involved in postsynaptic 

excitatory plasticity (Takahashi et al., 2003). Additionally, other studies have reported 

an increase in the expression of genes related to mitochondrial bioenergetics, protein 

homeostasis, and the SNARE (soluble N-ethylmaleimide-sensitive factor attachment 

protein receptor) complex in the hippocampus and entorhinal cortex of subjects with 

MCI (Berchtold et al., 2014). Paradoxically, changes in the expression of genes related 

to synaptic transmission and synaptic plasticity in the entorhinal cortex and 

hippocampus that facilitate synaptic excitability are strongly correlated with the 

deterioration of cognitive processes. In contrast, changes in the expression of genes that 

inhibit plasticity are associated with an improvement in cognitive function (Berchtold et 

al, 2014). These changes in gene expression indicate that the imbalance in transmission 

and synaptic plasticity is due to alterations in the expression of synaptic proteins in 

hippocampal neurons.  

Given that the relationship between synaptic protein expression, neuronal excitability, 

synaptic plasticity, and cognitive function is not yet clear, future approaches should be 

directed towards the evaluation of changes in the expression of LTP / LTD related 

proteins in particular areas of the hippocampus, in vivo or in vitro in transgenic ApoE, 

APP or tau models (Battaglia et al., 2007). Parallel to the evaluation of changes in 

synaptic activity and electrical properties of hippocampal neurons. These data will allow 

understanding how the differential expression of the proteins that regulate the phases of 

the synapse, modulate neuronal excitability during EA and therefore the processes of 

synaptic plasticity that produce deteriorate cognitive function. 

2.4 The tau protein and synaptic plasticity 

The tau protein is a microtubule-associated protein that contributes to the stabilization 

of the cytoskeleton (Harada et al., 1994) and to the neuronal development (Sapir, 

Frotscher, Levy, Mandelkow, and Reiner, 2012). It is essential in axonal transport (Dixit 

R. et al., 2010) and tau phosphorylation has recently been shown to play crucial roles in 

the dendritic function and LTD processes (Mondragón-Rodríguez, Perry, Zhu, and 

Boehm, 2012). The accumulation of tau is negatively correlated with the number of 

spines and neuronal activity. There are many ways in which tau protein can be 

overexpressed, including the hyperactivation of extra-synaptic NMDA receptors (Sun et 
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al., 2016). Furthermore, neurons that accumulate A show impaired proteasomal 

activity and increased activation of autophagy, because the formation of potentially 

toxic Aβ aggregates increases the cascade of tau aggregation that accompanies LTD 

(Boland et al., 2018) 

Alzheimer’s disease is the most common form of tauopathy (tau). In tauopathies, the tau 

protein may be subject to different post-translational modifications, the most common 

of which is phosphorylation, followed by ubiquitination and truncation ( Khlistunova et 

al., 2006; Martin, Page, and Terro, 2011). This type of hyperphosphorylation initiates 

the formation of supercoiled neurofibrillary networks that interact with microtubules, a 

condition associated with neurodegenerative processes (Spillantini and Goedert, 2013; 

Naseri, 2019). In Tau35 mice, long-term synaptic plasticity is not altered in the 

commissural pathway of Schaffer collaterals. However, changes in short-term synaptic 

plasticity and in the intrinsic properties of excitability of CA1 cells associated with the 

genotype have been observed, which would contribute to the observed memory loss. 

For example, Tamagnini et al. (2017), have reported increased excitability at 

hyperpolarized potentials and decreased excitability at depolarized potentials in parallel 

with a shift to more hyperpolarized potentials of the voltage-sensitivity of K+ currents, 

probably due to the phosphorylation of Kv7- and Nav1.6-type channels. 

Therefore, studies of the molecular and functional changes in CA1 hippocampal 

neurons in Tau35 transgenic mice using different stimulation protocols will enable 

researchers to understand the mechanisms by which tau aggregates modify synaptic 

activity, excitability, and LTD. In addition, studies of the post-translational 

modifications of the tau protein and of the different activated signaling cascades will 

facilitate the reconstruction of the series of events that start with tau modifications and 

culminate in the deterioration of cognitive function.  

2.5 Amyloid-β and synaptic plasticity in AD 

Aβ is a protein produced from the amyloid precursor protein via sequential cleavage by 

β- and γ-secretases during normal metabolism (Esch et al., 1990; Selkoe, 1998; 

Pasternak et al., 2004; Sannerud et al., 2016; Wolfe et al., 2016; Sun and Roy, 2018). At 

low concentrations, Aβ promotes neuronal survival and axonal branching; moreover, it 

regulates the function of K+ ion channels and maintains the normal function of neurons. 

In contrast, the accumulation of Aβ characteristic of AD pathogenesis (Shankar GM. et 

al., 2008; Sierra-Fonseca and Gosselink, 2018), and reported in genetic models of AD 
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mice (Ye et al., 2017; Verkhratsky et al., 2017, Caraci et al., 2018), cause dysfunction 

during the early stages of AD (Selkoe DJ. 2002; Stéphan and Phillips, 2005). 

Synthetic Aβ oligomers impair the molecular processes involved in LTP, initiating a 

decline of LTP and an increase in LTD in hippocampus slices ( Hartley et al., 1999; 

Chen et al., 2000; Knobloch, Farinelli, Konietzko, Nitsch, and Mansuy, 2007; Shankar 

et al., 2008; O’Riordan K.J. 2018) Figure 1. Furthermore, additional lines of evidence 

have suggested that the direct injection of Aβ oligomers into the rat brain impairs 

learning and memory (Cleary et al., 2005; Lesné et al., 2006; Karthick et al., 2018). 

Nevertheless, these deleterious effects of Aβ on LTP are only observed at high 

concentrations, since picomolar concentrations have been reported to facilitate LTP 

maintenance in the hippocampus of wild type mice (Puzzo et al., 2008; Puzzo et al., 

2011). However, in vitro studies of LTP in APP transgenic mouse models of AD have 

reported contradictory results. Some have indicated a decrease in LTP between two, 

three and fourteen months of age (Trinchese et al., 2004; Gong et al., 2004; Knobloch et 

al., 2007), whereas others have suggested that LTP is not altered in APP transgenic 

mouse models of AD between two to nine months of age (Chapman et al., 1999) or 

between three to five months of age (Palop et al., 2007; Harris et al., 2010). Similarly, 

ex vivo studies with APP/PS1 transgenic mouse models of Alzheimer have reported a 

reduction in LTP at nine months of age (Gengler et al., 2010; Puzzo et al., 2017), in 

contrast to the normal LTP during between three to five months of age (Huang et al., 

2006). So ex vivo and in vitro data do not give a clear view of the effects of over-

expression of APP and the resulting accumulation of Aβ over LTP. The contradictory 

effects of Aβ on LTP could be partly due to methodological differences, including the 

nature of the stimulation used to generate plasticity, the area of the brain chosen for the 

study, the condition of the tissue (in vitro or ex vivo), and the time after stimulation and 

the analysis methods. Also, the type of model used, since each model allows an in-depth 

analysis of one or two components of the disease in different timelines, but does not 

recapitulate all aspects of AD. For example, PD-APP mice loaded with amyloid-β 

plaques do not develop tau tangles. 

Although the effects of AD on LTP have not been studied in tau transgenic models, 

some studies in transgenic mice overexpressing the human tau protein have described 

age-dependent effects on LTP (Chong et al., 2011; Sydow et al., 2011; Laurent et al., 

2018). However, in the last decade, an even more interesting finding has been reported: 

the role of tau in the development of the pathological effects of Aβ on synaptic function 
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( Chow et 1l., 2010; Shipton et al., 2011). Aβ-derived diffusible ligands (ADDLs) bind 

to the NMDARs, causing abnormal calcium permeability, initiating oxidative stress and 

the subsequent loss of synapses ( Hartman and Verkhratsky, 1998; Haughey and 

Mattson, 2003; De Felice et al., 2007; Shankar et al., 2007; Abdul et al., 2009; Wang 

and Reddy 2016) Figure 1. Furthermore, the deterioration of LTP associated with kinase 

activity induced by ADDLs (Townsend, Mehta, and Selkoe, 2007; Lim et al., 2013) and 

the decrease in presynaptic P/Q-type Ca2+ currents in glutamatergic and GABAergic 

synapses has been reported as well as changes in Ca2+ signaling by astrocytes 

(Shigetomi et al., 2016). These effects are potentially mediated by the interaction of Aβ 

with synaptic proteins or ion channels (Valincius et al., 2008). On the other hand, by 

directly exposing rat brain slices to Aβ, a loss of dendritic spine density has been 

observed, which is prevented by the application of the NMDARs antagonist, 2-amino-5-

phosphonovaleric acid (APV) (Shankar et al., 2007). Intermediate levels of Aβ have 

been reported to improve synaptic activity to the presynaptic level (Scimemi et al., 

2013), while high levels suppress the excitatory synaptic activity at the postsynaptic 

level (Palop and Mucke, 2010), probably because Aβ facilitates the endocytosis of 

NMDA and AMPA receptors (Querfurth and Laferla, 2010) Figure 1. These studies 

confirm the role of Aβ in the regulation of NMDA receptors in the synapse in vivo 

(Snyder et al., 2005; Liu et al., 2019) and in primary cultures derived from subjects with 

AD (Dewachter et al., 2009). In addition, the areas of the human brain that most easily 

develop Aβ plaques are those with high metabolic and neuronal activity rates, such as 

the entorhinal cortex and hippocampus (Buckner, 2005; Bero et al., 2011). Accordingly, 

synaptic activity regulates Aβ levels via clathrin-mediated APP endocytosis (Carey, 

Balcz, Lopez-Coviella, and Slack, 2005) and the cleavage of APP is regulated by 

glutamatergic, cholinergic, serotonergic, adrenergic, and GABAergic receptors in the 

central nervous system. Therefore, the activation of neurotransmitter receptors in the 

synaptic membrane also influences Aβ levels. Likewise, NMDA receptors and 

metabotropic receptors II (mGluR2) modulate β-secretase activity, which in turn 

mediates APP cleavage and indirectly determines Aβ concentrations in the brain 

(Bordji, Becerril-Ortega, Nicole, and Buisson, 2010; Kim et al., 2010; Liu et al., 2019). 

Finally, based on the results from other studies, Aβ destabilizes the plasma membrane, 

forming pores that generate an abnormal flow of ions (such as Ca2+) within the synapses 

(Kawahara and Kuroda, 2000; Tong et al., 2018), specifically Aβ1-40 oligomers but not 
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Aβ1-42 can form voltage-independent, non-selective ion channels in the cellular 

membrane (Bode et al., 2017) Figure 1. 

Therefore, specific studies of the interrelationships between synaptic activity and Aβ 

concentrations, specifically the way in which glutamatergic, serotonergic, cholinergic 

and GABAergic receptors modulate Aβ concentrations and how these concentrations, in 

turn, modulate the activity of this type of receptors; it will allow understanding the 

cellular mechanisms behind of this bidirectional regulation and its incidence on 

cognitive processes during the development of AD 

2.6 Glutamatergic plasticity and AD 

2.6.1 NMDA receptors (NMDARs) 

This type of ionotropic glutamate receptor plays an important role in synaptic plasticity 

processes (Rothman and Olney, 1995; Acosta et al., 2017). An imbalance in 

glutamatergic neurotransmission may modulate Aβ production, increasing the risk of 

developing AD. Therefore, the stimulation of NMDARs with glutamate or NMDA 

increases the processing of APP by α-secretase and subsequently decreases Aβ levels 

(Fernandez-Tome, et al., 2004; Marcello et al., 2007; Hoey, Williams, and Perkinton, 

2009). However, in neurons exposed to excitotoxicity protocols with sublethal 

concentrations of NMDA, an increase in Aβ levels has been observed (Lesne, 2005) due 

to a change in the normal expression of APP to an isoform containing the Kunitz 

protease inhibitor (KPI) domain (Lesne, 2005). This KPI domain inhibits α-secretase 

activity and activates β-secretase to process APP, increasing Aβ production (Ho, 

Fukuchi, and Younkin, 1996; Fukuchi and Younkin, 1996). In addition, the cellular 

localization of NMDARs determines the effect of Aβ on neuronal viability. 

Accordingly, the stimulation of synaptic NMDA receptors induces genomic events that 

make neurons much more resistant to apoptosis and oxidative processes (Hardingham, 

Fukunaga, and Bading, 2002). Thus, prolonged stimulation of extrasynaptic NMDARs 

activates different cascades that culminate in mitochondrial dysfunction and cell death 

(Masliah et al., 1996). The loss of synapses observed during AD might induce an 

imbalance between synaptic and extrasynaptic NMDARs that in turn would trigger 

changes in the translation of Ca2+ signals from synapses to the nucleus, the 

redistribution of receptors, and finally cell death (Hardingham et al., 2002).  

In vivo and in vitro tests have reported that AD causes chronic activation of NMDARs, 

LTP, and changes in cognition (Stranahan and Mattson, 2010; Danysz and Parsons, 

2012). Furthermore, the reduction in the levels of NMDARs decreases the levels of 
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CaMKII, which in turn inactivates the cAMP response element binding protein (CREB) 

and ultimately leads to a decrease in the production of brain-derived neurotrophic factor 

(BDNF), a neurotrophin that is critical for synaptic function and increasing the levels of 

NMDARs (Kim et al., 2012). 

Given the redistribution of NMDAR caused by the loss of synapses that characterize 

AD, future studies in vivo or in vitro in AD models of the effects of this type of 

redistribution on the intrinsic electrical properties of neurons, neuronal activity and LTP 

processes / LTD of synaptic plasticity will allow adding a link to the reconstruction of 

the series of events that lead to the detriment of the cognitive function (Huang et al., 

2017; Liu et al., 2019). 

2.6.2 Metabotropic glutamate receptors 

Group I metabotropic receptors (mGluR1 and mGluR5) are positively coupled to 

phospholipase C (PLC) ( Schoepp, Jane, and Monn, 1999) and participate in the 

mechanisms regulating synaptic plasticity (Pinheiro and Mulle, 2008) and postsynaptic 

glutamatergic excitability ( Schoepp, 2001). According to recent studies, mGluRs are 

related to the pathogenesis of AD and may affect the processing of APP. The 

application of a mGluR agonist to a primary cell culture generates soluble APP, 

indicating that the mGluRs are linked to the processing of APP by α-secretase (Lee, 

Wurtman, Cox, and Nitsch, 1995; Caraci et al., 2018). Because mGluR1 accelerates the 

processing of APP through the nonamyloidogenic pathway (Holscher, 1998; (Louzada, 

Paula Lima, De Mello, and Ferreira, 2001) and that their activities are decreased in the 

cerebral cortex of both transgenic mice (Mucke et al., 2000) and patients with AD 

(Albasanz, Dalfó, Ferrer, and Martín, 2005), decreased levels of these receptors are 

postulated to facilitate the amyloidogenic processing of APP and subsequent 

accumulation of Aβ. In contrast, mGluR2 is overexpressed in the hippocampus of 

patients with AD (Lee et al., 2004), and, interestingly, NFTs colocalize with neurons 

that overexpress mGluR2 in different regions of the brain (Lee et al., 2009). 

Additionally, the stimulation of group II mGluRs with the DGC-IV agonist initially 

increases the levels of APP C-terminal fragments (CTF). These CFTs are subsequently 

degraded generating the accumulation of Aβ42, which is inhibited with the application 

of the group II mGluRs antagonist LY341495 (Kim et al., 2010). Accordingly, the 

activation of group II mGluRs induces the release of Aβ42, which is the predominant 

isoform that accumulates in patients with AD (Younkin, 1998; Fryer, 2005). If the 

activity of mGluR I and II modulate the levels of Aβ through the regulation of APP 
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processing. The study of the activity of this type of receptors, as well as the signaling 

pathways, activated; it will facilitate the understanding of Aβ accumulation processes 

and their effects on the synaptic activity of neurons. 

2.6.3 AMPA receptors (AMPARs), synaptic plasticity 

AMPARs are vitally important in almost all aspects of brain function, including 

learning and memory, because they mediate the vast majority of excitatory 

neurotransmission in the central nervous system. AMPARs are ion channels that are 

activated by glutamate and composed of combinations of four separate subunits 

(GluA1–4). The composition and localization of these types of receptors in the synapses 

of the central nervous system change during LTP and LTD (Malenka and Bear, 2004). 

AMPARs that lack the GluA2 subunit or that contain an unedited version of GluA2 and 

are therefore permeable to Ca2+ (CP-AMPAR) are the first to be incorporated into the 

presynaptic sites during LTP induction and subsequently (on the order of minutes) are 

replaced by AMPARs containing GluA2 subunits (Plant et al., 2006; Yang, Wang and 

Zhou, 2010).  

According to multiple models, AD has been explained by a reduction in the number of 

AMPARs and aberrations in the LTP/LTD processes (Shankar et al., 2008 and Li et al., 

2009). Consequently, treatments with Aβ decrease the surface expression of AMPAR 

and increase the specific endocytosis of AMPAR containing the GluA2 subunit (Zhao et 

al., 2010), causing an imbalance in AMPAR traffic Figure 1. 

If Aβ causes specific endocytosis of AMPAR with the GluA2 subunit, it alters the 

homeostasis of Ca2+ ions and changes the excitability of neurons. Studies of the activity, 

expression, and traffic of AMPAR with specific combinations of subunits in transgenic 

models in vitro or in vivo in tau, APP or ApoE will allow elucidating the cellular 

mechanisms behind the susceptibility to LTD characteristic of EA 

2.7 Mitochondrial dysfunction 

Energy supply, detoxification processes, and calcium homeostasis rely on proper 

mitochondrial functioning. In AD, the mitochondrial function can be affected at three 

levels: (1) mitochondrial dynamics (structure and morphology), (2) bioenergetics (ATP 

and oxidative stress) and (3) mitochondrial transport. 

Mitochondria constantly go through fission and fusion (shortening and elongation) 

processes. These processes, also known as mitochondrial dynamics, can be altered in 

AD (Wang et al., 2009). Studies with samples of AD patients, cell lines with APP 

protein overexpression, hippocampal neurons exposed ADDLs, oligomers and 
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hippocampal neurons treated with Aβ1-42 showed alterations in mitochondrial 

morphology and mitochondrial density (Trimmer and Borland, 2005; Wang et al., 2008, 

Du et al., 2010), indicating that direct interaction of Aβ aggregates within the 

mitochondria can play an important role in its neurotoxic effect (Abramov, et al., 2004; 

Manczak et al., 2006; Petersen et al., 2008). In cortical neurons of Tg mAPP mice that 

overexpressing human APP/Aβ, accumulated Aβ has been found in synaptic 

mitochondria (Du et al., 2010). In addition, direct interaction of Aβ with a GTPase 

involved in mitochondrial fission (elongation), known as dynamin-related protein 1 

(DRP1), has been reported in both lysates from cortical neurons and brain slices from 

AD patients through immunoprecipitation and immunofluorescence tests (Manczak et 

al., 2011). 

Recent studies have also suggested a possible role of tau in the decline of mitochondrial 

dynamics in AD. Thus, rat cortical cells with overexpression of tau show a decrease in 

mitochondrial mobility with longitudinal shortening (Suen et al., 2008). Furthermore, 

immunoprecipitation and immunofluorescence studies in hippocampus and cortex slices 

of triple transgenic (3xTg-AD) and APP/PS1 mice have also shown colocalization and 

interaction between tau and DRP1 (Manczak and Reddy, 2012). 

Moreover, mitochondrial bioenergetics including ATP production, ROS production, and 

function of the electron transport chain, can also be affected in AD. Reduced ATP 

production and excessive levels of ROS have been reported in different models of AD 

(Eckert et al., 2012; Johri and Beal, 2012; Plamena et al., 2017). Specifically, 

accumulation of Aβ generates both an increase in ROS production (Mao and Reddy, 

2011), and a significant decline of the electron transport chain (ETC) function (Crouch 

et al., 2008), comparable to that reported in preparations of isolated mitochondria 

exposed to different forms of Aβ (Aβ1-40 and Aβ1-42), where their a is decline in ETC 

function (Casley et al., 2002). In addition, mitochondrial samples of pR5 transgenic 

mice (mice that overexpress tau’s mutated P301 protein that results in 

hyperphosphorylation of tau and formation of NFTs) and triple transgenic mice 

(APPswe, TauP301L and PS1M146V) show mitochondrial depolarization, respiration 

decline and high levels of ROS (David et al., 2005; Rhein et al., 2009). Remarkably, 

other studies suggest that mitochondria-derived ROS can increase Aβ levels in vivo and 

in vitro (Leuner et al., 2012; Swerdlow, 2017) contributing to the pathogenesis of AD. 

Other changes in the expression of glutamine synthetase have also been described in 
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both normal (Robinson, 2000) and triple transgenic mice astrocytes (Olabarria et al., 

2011) indicating long term deficits in glutamatergic transmission. 

Mitochondrial mobility is another factor affected in AD. Studies in 3xTg-AD mice 

showed deficits in axonal transport that precede the deposition of Aβ and filamentous 

aggregation of tau, suggesting that such deficits may be early AD events (Millecamps 

and Julien, 2013; Cheng, 2018). Mouse hippocampal neurons treated with Aβ showed a 

significant reduction in mitochondrial anterograde transport (Calkins and Reddy, 2011) 

and a decrease in synaptophysin (presynaptic protein) expression, indicating that Aβ 

could affect synaptic processes through mitochondrial damage. In vitro studies have 

shown that progressive accumulation of Aβ affects mitochondrial morphology, reduces 

mitochondrial anterograde transport and impairs synaptic activity (Calkins et al., 2011). 

If synaptic dysfunction is one of the main reasons for memory loss and cognitive 

dysfunction, and accumulation of Aβ affects the synaptic processes through 

mitochondrial damage, then, improvement of the mitochondrial function represents a 

valid target to prevent neurodegeneration in AD. Future studies focused on the effect of 

mitochondrial dysfunction on the expression, activity, and regulation of NMDARs, 

AMPARs, and mGluRs and synaptic plasticity processes, will allow the design of more 

effective therapeutic strategies for cognitive deficit treatment. These strategies should 

include increased ATP production, reduced ROS levels and increased mitochondrial 

transport. 

3. Synaptic plasticity and aging 

Cognitive impairment is an inevitable consequence of aging, since brain areas such as 

the medial temporal lobe (which includes the hippocampus, hippocampus, and 

entorhinal cortex) involved in memory and learning processes, show a considerable 

reduction with age. Decades ago, researchers believed that this deficit was related to the 

death of neuronal cells. Nonetheless, the hypothesis of a direct relationship with cellular 

alterations in synaptic plasticity mechanisms is now much more widely accepted. For 

example, changes in the number and function of synapses in areas related to learning 

and memory, such as the hippocampus and prefrontal cortex, have been observed 

(Burke and Barnes, 2006; Morrison et al., 2012), in addition to a higher threshold for 

LTP induction in senescent animals compared to young animals (Barnes, Rao, and 

Houston, 2000; Sun et al., 2013). These results have been corroborated in studies in 

which a greater difficulty of maintaining LTP in DG and CA3 cells has been observed 
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in senescent rats, indicating a decrease in the late phase of LTP with age (Barnes and 

McNaughton, 1983; Dieguez and Barea-Rodriguez, 2004; Norris et al., 2005). 

Moreover, older animals have shown improvements in LTD induction at CA3-CA1 

synapses as a result of changes in Ca2+ homeostasis (Norris, Korol, and Foster, 1996). 

The facilitation of LTD by Aβ has been demonstrated preferentially in the left 

hippocampus (O’Riordan et al., 2018). Therefore, the deficiencies in synaptic plasticity 

observed during the aging process probably result from deregulation in AMPAR 

trafficking (Jurado, 2018). 

Given that aging affects the processes of synaptic plasticity, increasing and decreasing 

the induction threshold of LTP and LTD, respectively. It is relevant, to conduct future 

studies to understand the specific cellular mechanisms behind that effect. In this way, 

the evaluation of the expression of the different proteins related to the induction and 

maintenance of LTP and LTD at different ages; as well as, the evaluation of the activity, 

expression and traffic of the different receptors involved in this process, such as 

NMDAR and AMPAR, will facilitate the understanding of how aging deteriorates the 

processes of synaptic plasticity and leads to cognitive deficits. 

  

3.1 Structural plasticity during aging 

One of the first works on this area indicated that the main cause of a loss of brain 

volume with age was the decrease in the number of neurons in all cortical layers. In the 

1980s, researchers verified in humans (West, M. J., 1994; Pakkenberg, B. and 

Gundersen, H. J.,1997), nonhuman primates (Merrill, D. A., 2000; Keuker, Luiten, and 

Fuchs, 2003), and rodents (Merrill, D. A., 2001) that significant cell death in the 

hippocampus and neocortex was not a characteristic of normal aging. Nevertheless, a 

noticeable reduction of ~30% in the number of neurons in all layers of area 8A of the 

dorsolateral prefrontal cortex (PFC) was observed, the reduction was correlated with a 

deficit in the performance of a memory task (Smith, 2004). On the other hand, elderly 

individuals exhibit extensive dendritic branching in layer II of the parahippocampal 

gyrus, which represents the origin of the convolution of the DG (Buell and Coleman, 

1981). These results are corroborated by studies reporting an increase in the dendritic 

extensions in the DG of elderly humans compared with humans of average age (Flood, 

Buell, Defiore, Horwitz, and Coleman, 1985; Hanks and Flood, 1991; Gomez-Gonzalo 

et al., 2017), did not observe changes in the dendritic branching with age in areas CA1, 

CA3, and the subiculum in humans, contradict the aforementioned results. Similarly, in 
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rats, no significant changes were observed in the dendritic length of hippocampal 

granule cells between young (3 months), middle-aged (12–20 months), and elderly (27–

30 months) rats (Flood, 1991). Alterations in the dendritic extensions were not observed 

in the CA1 area between young (3 months) and senescent (26 months) rats, with the 

exception of a small group of CA1 neurons from 24-month-old rats that exhibited an 

increase in the basilar dendritic length and branching compared to 2-month-old rats 

(Pyapali and Turner, 1996). However, the morphology of PFC neurons is more 

vulnerable to the effects of aging than hippocampal neurons. Accordingly, the apical 

and basal dendritic branching of the neurons in the superficial layers of the cortex 

decreases with age (Grill and Riddle, 2002). This reduction has also been observed in 

the anterior cingulate cortex of rats (Markham and Juraska, 2002) and the medial PFC 

of humans (Uylings, 2002).  

Age exerts a similar effect on the density of dendritic spines, as evidenced by dendritic 

branching. However, this effect depends on the region studied. For example, the 

induction of age-dependent changes in the density of dendritic spines in the DG of the 

hippocampus has not been observed in humans (Williams and Matthysse, 1986) or rats 

(Curcio and Hinds, 1983). These results are similar to the findings reported by other 

authors (Markham, McKian, Stroup, and Juraska, 2005), who did not observe the same 

type of alteration in the density of dendritic spines of pyramidal neurons in CA1 in adult 

rats compared with young rats. Although, significant reductions in the density of 

dendritic spines have been observed in monkeys between the ages of 7 and 28 years. 

The aging process also affects the number of synapses. Accordingly, different studies 

have revealed a 27% decrease in the number of axodendritic synapses in the middle 

molecular layer of the DG in old rats compared with young rats (Bondareff and 

Geinisman, 1976; Geinisman, 1979). These results were corroborated by other authors 

(Geinisman, de Toledo‐Morrell, Morrell, Persina, and Rossi, 1992), who observed a 

significant decrease in the number of axospinous synapses, but not axodendritic 

synapses, in the middle molecular layer of the DG in old rats compared to young rats. In 

addition, in vivo imaging studies in humans have also shown the degeneration of 

synapses of the hippocampal perforant pathway with aging, indicating that the level of 

degeneration correlates with deficits in hippocampus-dependent memory (Yassa, 

Muftuler, and Stark, 2010). 

If the changes in density, dendritic branching, and synapse number depend on the brain 

area studied. Then, morphological and physiological parallel studies of different brain 
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areas at different ages will be required in the future. These studies facilitate the 

understanding of how structural remodeling modulates neuronal function and how these 

functional alterations trigger changes at the synaptic level. 

3.2 Functional plasticity during aging 

The electrical properties of the membrane, such as the resting membrane potential 

(Turner and Deupree, 1991), time constant (Pitler and Landfield, 1990), membrane 

resistance, action potential trigger threshold, and width/amplitude of the action potential 

remain constant throughout life (Luebke and Rosene, 2003). However, the calcium 

conductance has been reported to increase in aged neurons. Similarly, a higher density 

of L-type Ca2+ channels has been observed with aging (Thibault and Landfield, 1996; 

Navakkode S., 2018), which would initiate an imbalance in Ca2+ homeostasis that in 

turn would explain the deteriorations in synaptic plasticity detected during aging (Foster 

and Norris, 1997). Additionally, these Ca2+ ions would activate the outward K+ currents 

involved in the afterhyperpolarization (AHP) observed after each action potential 

(Landfield and Pitler, 1984).  

On the other hand, a decrease in EPSP recorded in DG has been reported during aging 

(Barnes and McNaughton, 1983), in addition to a reduction in the amplitude of the 

action potentials of the presynaptic specialization in the synapse between the granule 

cells of the DG and perforant pathway (Barnes, Rao, and Orr, 2000).  

Aging generates a clear alteration of calcium ion homeostasis, resulting in changes in 

the excitability of neurons and therefore in the thresholds required for the induction of 

LTP / LTD. Future studies of the activity of specific calcium channels at different ages; 

as well as the activated signaling pathways, will allow explaining how the deregulation 

of calcium ions can result in changes at the synaptic level and finally alterations in the 

information processing 

3.2.1 Postsynaptic excitability and aging 

A clear inverse relationship between AHP and learning has been reported in different 

studies. Accordingly, rats and rabbits with learning deficits present an improvement of 

the AHP and adaptation in CA1 neurons with age (Landfield and Pitler, 1984; Moyer et 

al, 2000). Thus, it has been reported that aging animals need more training trials to be 

able to acquire hippocampal-dependent association tasks (Knuttinen, Gamelli, Weiss, 

Power, & Disterhoft, 2001). CA1 neurons in these animals show an increase in AHP, 

which makes them less excitable (Kumar and Foster, 2007; Disterhoft and Oh, 2007; 

Gant and Thibault, 2009). Therefore, an increase in AHP with aging is potentially 



 

26 
 

related to the deterioration of cognitive function. These results have been corroborated 

by studies showing an improvement of the AHP current (IAHP) and slow AHP (slAHP) 

currents with aging (Wu et al., 2002). Since slAHP is the main determinant of 

excitability, these data suggest a clear decrease in neuronal excitability during aging. 

Thus, these aging neurons, when presenting an increase in AHP, will be less excitable 

because they are located farther from the trigger threshold. For example, aged neurons 

trigger fewer action potentials than young neurons in response to prolonged 

depolarization (Moyer, 2000). This finding is similar to data obtained from PFC 

neurons of aged monkeys, in which the size of the AHP is greater than the neurons of 

young monkeys (Chang, Rosene, Killiany, Mangiamele, and Luebke, 2005; Gant et al., 

2018), which indirectly indicates alterations in Ca2+ homeostasis with aging. 

Consequently, the hypothesis stating that an “increase in slAHP is related to a decrease 

in excitability and is probably linked to the deficits of learning and memory observed in 

aging” is corroborated. 

The specific study of the effects of age on the expression and activity of specific Ca2+ 

and K+ channels, as well as the dynamics of Ca2+ ions and signaling cascades activated 

by these ions; will facilitate a better understanding of AHP alterations and their 

relationship with changes in synaptic activity in neurons located in specific areas of the 

brain as a result of the aging process. 

3.2.2 Glutamatergic neurotransmission and aging 

The effect of aging on the induction and maintenance of LTP depends on the induction 

protocols used and the region studied. Although aged animals show a reduction in 

EPSPs in both the DG  and CA1 area (Deupree, Bradley, and Turner, 1993), LTP 

induction can remain intact in the granule cell-perforant pathway synapses (Diana, 

Domenici, Loizzo, de Carolis, and Sagratella, 1994), CA1-CA3 synapses, and the CA3 

pyramidal cell-perforant pathway synapses (Dieguez and Barea-Rodriguez, 2004) when 

using high frequency and high current stimulation protocols. Nonetheless, when using 

perithreshold stimulation protocols, deficits in LTP induction appear in both the DG 

(Barnes, C.A., et al., 1996) and CA1 layer (Tombaugh, Rowe, Chow, Michael, and 

Rose, 2002), similar to the deficits in LTP maintenance reported in the DG and CA3 

layer when using suprathreshold stimulation parameters in aged rats compared to young 

rats (Dieguez and Barea-Rodriguez, 2004). The changes in the regulation of Ca2+ 

signaling associated with age are possibly related to deficits in synaptic plasticity. 

Accordingly, changes in Ca2+ homeostasis during aging might alter the probability of 
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LTP or LTD induction (Foster and Norris, 1997). Studies using calcium imaging have 

shown that the resting Ca2+ concentration does not change substantially with age in 

pyramidal neurons of the CA1 area of the hippocampus. However, a significant increase 

in Ca2+ concentrations and a noticeable decrease in EPSPs have been observed in CA1 

pyramidal neurons in response to stimulation (Thibault, Hadley, and Landfield, 2001). 

Finally, the inhibition of intracellular Ca2+ release has recently been shown to attenuate 

LTD induction in CA1 neurons of aged rats (Kumar and Foster, 2005). 

This decrease in the threshold for LTD induction and the increase in the threshold for 

LTP induction suggests that new memories are more difficult to codify and consolidate 

and past memories are much easier to erase in aged rodents (Barnes, Rao, and Orr, 

2000).  

The glutamatergic system controls the influx of Ca2+ to neurons through channels 

controlled by NMDARs. The density of NMDARs decreases with age, as well as the 

density of NMDARs involved in synaptic plasticity processes (Magnusson, 1998; 

Segovia, Porras, Del Arco, and Mora, 2001; Kumar, 2015). NMDARs agonists facilitate 

learning (Hood, Compton, and Monahan, 1989; Monahan, Handelmann, Hood, and 

Cordi, 1989; Quartermain, Mower, Rafferty, Herting, and Lanthorn, 1994) and induce 

an accelerated decrease in the expression of GluN2A and GluN2B in the hippocampus 

(Zhao et al., 2010), while antagonists impair learning (Matsuoka and Aigner, 1997). 

Recently, it has been reported the induction of tau overexpression by the activation of 

extrasynaptic NMDAR (Sun et al., 2016), may be mediated by the GluN2B subunits 

(Rammes et al., 2017). 

Future studies aimed at evaluating the aging-induced alterations in the expression, 

trafficking, and activity of NMDARs, as well as the different signaling pathways 

activated by these receptors, will improve our understanding of the cognitive decline 

that characterizes aging in terms of alterations in the cellular and molecular mechanisms 

underlying LTP/LTD processes.  

4. Aging as a high-risk factor for the development of AD 

The aging process and the development of AD have as a common denominator the 

cognitive deterioration attributed mainly to changes in synaptic plasticity and neuronal 

connections. The processes of structural remodeling during aging in hippocampal 

neurons are very similar to those observed during the development of AD. Thus, a 

decrease in the synaptic density in DG of old rats compared to young rats has been 



 

28 
 

reported (Bondareff and Geinisman, 1976; Geinisman, 1979), similar to that observed 

during the development of AD in DG of elderly humans compared to young (Dekosky 

and Scheff, 1990; Terry et al., 1991; Scheff and Price, 2003). In contrast, the extent of 

dendrites in the DG is increased in elderly humans compared to humans of average age 

(Flood, Buell, Defiore, Horwitz and Coleman, 1985; Hanks and Flood, 1991; Gomez-

Gonzalo et al., 2017); while the complexity of the dendritic tree is reduced during the 

development of AD (Mucke et al., 2000; Giannakopoulos et al., 2003; Lanz, Carter and 

Merchant, 2003; Lanz et al., 2003; Jacobsen et al., 2006). On the other hand, the 

molecular and cellular mechanisms that explain the functional changes in the processes 

of synaptic plasticity during aging and AD also have a high degree of similarity. For 

example, both in EA (Tong et al., 2018) and in aging (Disterhoft et al., 1994; 

Khachaturian, 1989; Landfield et al., 1989; Thibault et al., 2007) have been found 

alterations in homeostasis of calcium ions that believed increase the vulnerability of 

neurons to cognitive decline. These alterations are mainly due to an increase in the 

expression of different receptors such as LTCC calcium channels in CA1 hippocampal 

neurons during aging (Wang and Mattson, 2014) or chronic activation of NMDAR due 

to ADDL binding during AD (Danyz and Parsons, 2002; Wong and Reddy 2016). This 

increase in calcium ion flow into the cell interior, increases the conductance of K+ 

channels dependent on Ca2+ and therefore the resulting afterhyperpolarization (AHP) in 

aging (Disterhoft et al., 1993; Disterhoft and Oh, 2007; Foster and Norris, 1997; 

Landfield and Pitler, 1984; Oh and Disterhoft, 2010; Oh et al., 2016; Simkin et al., 

2015) and in EA (Zhang et al., 2015). Also, both in EA (Tong et al., 2018) and in aging 

there is an increase in calcium-induced calcium release or ICR mediated by RyR 

receptors in the endoplasmic reticulum (ER) that release more calcium in response to 

signals from Ca2+. This increase in the AHP determines the refractory period of the 

action potential, decreasing the number of potentials evoked during depolarization 

(firing frequency) and therefore neuronal excitability. Thus, alterations in calcium 

homeostasis, specifically the increase in intracellular calcium concentration reduces 

neuronal excitability, causing neurons to change from the "consolidation" activity 

pattern to the "depotentiation" activity pattern during the phase of memory 

consolidation, erasing newly formed memories (Zhang et al., 2015), which in turn could 

explain the increase and decrease in the threshold for induction of LTP and LTD 

respectively (Barnes et al., 2000; Boric et al., 2008 ; Chapman et al., 1999; Kumar et al., 

2007; Rosenzweig and Barnes, 2003; Twarkowski and Manahan-Vaughan, 2016). 
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Therefore, aging is a high-risk factor for the development of AD, because it causes an 

imbalance in the molecular and cellular mechanisms related to synaptic plasticity very 

similar to that caused during the development of AD, which makes neurons vulnerable 

to cognitive impairment. See Table 1. 

5. Conclusions and future directions 

For several decades, researchers believed that the cognitive deficits observed in both 

patients with AD and aging individuals were related to neuronal loss or changes in the 

process of neurogenesis. The paradigm has shifted, impairments in cognitive function 

are a product of changes in synaptic function, rather than the loss of neurons. Thus, 

during the normal development of AD, changes in the expression of the APP (Goate et 

al., 1991), PS (Sherrington et al., 1995) and ApoE (Corder et al., 1993) genes are 

generated, subsequently increasing the production of Aβ (Fryer et al., 2005; Rhinn et 

al., 2013), altering the expression of NMDARs through ADDLs (De Felice et al., 2007; 

Shankar et al., 2007) and altering Ca2+ homeostasis to impair LTP induction (Trinchese 

et al., 2004; Saganich et al., 2006). In turn and paradoxically, the synaptic activity also 

regulates the secretion and accumulation of Aβ. Accordingly, the prolonged stimulation 

of extrasynaptic NMDARs generates a change from the APP form to the APP-KPI form 

(Bordji et al., 2010), inhibiting the α-secretase pathway and activating the β-secretase 

pathway, which mediates the processing of APP and increases the production of Aβ42 

(Ho et al., 1996). Specifically, mGluR2 receptors modulate β-secretase activity, which 

in turn mediates the cleavage of APP, indirectly determining the concentrations of Aβ in 

the brain (Bordji et al., 2010; Kim et al., 2010). In addition, the loss of synapses also 

generates a redistribution of NMDARs that alter the translation of Ca2+ signals from the 

synapses to the nucleus and modulate synaptic plasticity processes (Hardingham and 

Bading, 2010). Similarly, the accumulation of Aβ also interrupts the trafficking of 

AMPARs, increasing their endocytosis and decreasing their expression. 

On the other hand, during the normal aging process, changes similar to those observed 

during the development of AD are generated, such as the loss of axospinous synapses in 

the molecular layer of the DG, an increased density of L-type Ca2+ channels (Pitler y 

Landfield, 1990; Foster, 1997; Giese et al., 2001), an increase in the AHP, a reduction 

in EPSPs in both the DG and CA1 area (Deupree et al., 1993), decreased excitability of 

neurons (Moyer, 2000), lower expression of NMDARs, impaired LTP induction, and 

the facilitation of LTD induction (Kumar and Foster, 2005). Given the large number of 
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shared effects between AD and aging, some of the explanations for the question of the 

normal aging process represents a high-risk factor for the development of AD are now 

much clearer.  

Although these findings have provided relevant information about the mechanisms 

underlying the development of AD and aging, determinative questions remain to be 

resolved. What are the specific cellular and molecular mechanisms underlying the 

cognitive deficits characteristic of AD and aging? What are the specific changes in the 

activity, expression, and trafficking of NMDARs, AMPARs, and mGluRs in CA1 and 

CA3 hippocampal neurons during AD and aging? How do the dynamics of Ca+2 ions 

and the signaling cascades activated by this type of ion change during AD and aging? 

How does this series of changes culminate in the decrease in cognitive function? 

Therefore, studies that simultaneously employ electrophysiological, 

immunohistochemical, molecular, and microscopy techniques must be developed to 

determine how changes in the expression and trafficking of NMDARs/AMPARs alter 

Ca2+ homeostasis and the subsequent effects on AHP, the induction/maintenance of LTP 

and LTD, and the synaptic activity of CA1-CA3 hippocampal neurons during AD and 

aging. This basic knowledge will permit future studies to focus on much more specific 

targets, resulting in the development of more efficient and effective strategies for the 

prevention, diagnosis, and treatment of the cognitive deterioration characteristic of AD 

and the reduction of the risk of developing AD with aging. 
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and in rat brain. PMID: 14535944 
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Table 1. Comparative functional effects of healthy aging and Alzheimer's disease 

over the different components of synaptic plasticity 

Components of synaptic 

plasticity 
Healthy adults Healthy aging Alzheimer's Disease 

 

Homeostasis of Ca+2 

Ca2+ cell homeostasis remains in its normal 
conditions, playing a fundamental regulatory role 

in the growth and neuronal differentiation, the 

properties of the action potential, synaptic 
plasticity and learning and memory 

(Bezprozvanny I., 2009; Tong et al., 2018). 

 
L-type calcium channels (L-VGCCs) couple the 

neuronal activity with gene transcription and are 

found postsynaptically in somatodendritic areas 

(Obermair et al., 2004) regulating neuronal 

synaptic plasticity by raising intracellular free 
Ca2+ which serves as a second important 

messenger for many Ca2+ dependent signaling 

pathways (Ma et al., 2012). 
 

 

 

Increased density of L-type calcium 
channels (L-VGCCs) in CA1 neurons 

of aged rats, using hippocampal slices 

(Thibault et al., 1996; Navakkode S., 
2018) 

 

Increase in afterhyperpolarization o 
AHP in 2/3 layer PFC pyramidal cells 

of old Rhesus monkeys, indicating 

alterations in the homeostasis of Ca2+ 
with age (Chang et al, 2005) 

 
Increase in function and expression of 

Kv4.2/Kv4.3 A-type K(+) channels, 

and of AHP in CA3 neurons of aged 
rats (29-32 months), usando 

hipocampal slices (Disterhoft et al., 

2007; Foster et al., 1997; Landfield et 
al., 1984; Oh et al., 2010; Oh et al., 

2016; Simkin et al., 2015). 

 

 
Aβ aggregates can disrupt Ca2+ 

signaling in several ways as it can 

trigger Ca2+ release from ER stores 
through the InsP3R and RyR in 

primary culture of cortical neurons 

with exposure to 0.5 μM Aβ1–40 
(Ferreiro et al., 2006; Tong et al., 

2018), and allow Ca2+ influx by 

forming cation permeation pores in 
planar bilayers exposed to Aβ 0.46mM 

(Arispe et al., 1993; Bhatia et al., 

2000; reviewed in Tong et al., 2018) 

 

An increase in AHP related to AD has 
been observed in response to the acute 

application of oligomeric Aβ 

(300nM), using hippocampal slices 
(Yun, et al., 2006), as well as in CA3 

neurons of brain slices from transgenic 

mice expressing mutant forms of 
human PS1 (Barrow, et al., 2000) 

 

InsP3Rs 

 

In normal conditions, Ca2+ is released from RE 
through ryanodine receptors (RyR) when the 

concentration of cytoplasmic Ca2+ increases 

slightly. Furthermore, it is also released from the 
ER through 1,4,5-trisphosphate receptors 

(InsP3R) when InsP3 binds to the receptor; InsP3 

is produced occurs when phosphatidylinositol-

4,5-bisphosphate is cleaved by phospholipase C 

which is activated by the agonist binding to the 

Gq protein-coupled receptor (GPCR) in the 
plasma membrane (Pinton et al., 1998; Berridge et 

al., 2000 and 2009) 

 

The inositol 1,4,5-triphosphate content 

and the binding affinity of Ins3PR 
increased in rats of 25 months of age 

compared with rats of 3 months. While 

the density of Ins3PR in the 

membranes of 12 and 25-month rat 

neurons decreased compared to those 

of young rats (Igwe et al., 1997) 

 
Increase of release of Ca2+ through 

InsP3Rs and RyRs receptors in 

primary culture of cortical neurons 
exposed to Aβ25–35 or Aβ35–25 (25 

µM), Aβ1–40 or Aβ40 –1 (0.5 µM) 

(Ferreiro et al., 2006; Tong et al., 
2018) 

 

AMPARs 

 

AMPAR is primarily permeable to Na+ and K+, 

but it can also become permeable to Ca2+ (when 
the channel lacks the GluA2 subunit) and 

mediates rapid excitatory synaptic transmission. 

During LTP AMPARs are recruited by calcium-
dependent mechanisms resulting from the 

activation of NMDARs, generating a sustained 

increase in synaptic strength. On the contrary, 
during LTD AMPARs are eliminated or 

endocytosed by other calcium-dependent 

mechanisms generating a sustained decrease in 
synaptic strength. Both forms of NMDAR-

dependent plasticity underlie important functions 

such as information processing, learning, and 
memory (reviewed in Huganir et al., 2013; Nicoll, 

2017). 

 

 
AMPAR traffic alterations (reviewed 

in Jurado, 2018) 

 
Selective endocytosis of AMPA type 

receptors with GluA2 subunit in 

hippocampus of Rhesus monkey aged 
(27-30 years old), using 400 µm-thick 

sections cut in a vibratome (Hara et 

al., 2012) 

 

 

Selective endocytosis of AMPA type 

receptors with GluA2 / GluA3 
subunits in primary hippocampal 

cultures exposure to ADDLs 500nM 

(Zhao et al., 2010) 

NMDARs 

 

NMDARs are permeable to Na+, K+, and high 

permeability to Ca2+, which acts as a second 
messenger to modify synapses (Lynch et al., 

1983). Activation of NMDARs leads to cytosolic 

free intracellular calcium increase (MacDermott 
et al.,1986), required for long-term potentiation 

(LTP) and long-term depression (LTD) and, more 

generally, for synaptic plasticity (MacDonald et 
al., 2006; Lau et al., 2009). 

 

Synaptic NMDAR activation promotes cell 
survival whereas extrasynaptic activation triggers 

cell death (Hardingham et al., 2010) 

 

Decreased density of NMDARs in 

cortical areas, striatum, and 
hippocampus in mice of 10-16 months 

old (Magnusson, 1998; reviewed in 

Segovia et al., 2001) 
 

 

 

Induction of endocytosis of NMDAR 

with NR2B and NR1 subunits in 
primary culture of cortical neurons 

exposed to 1µM Aβ for 1h (Snyder et 

al., 2005) 
 

Aβ-derived diffusible ligands 

(ADDLs) bind to the NMDARs, 
causing abnormal calcium 

permeability, initiating oxidative stress 

and the subsequent loss of synapses 
(Hartman et al., 1998; Haughey et al., 

2003; De Felice et al., 2007; Shankar 
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L-type calcium channels (L-VGCCs), Afterhyperpolarization (AHP), 1,4,5-trisphosphate receptors (InsP3R), ryanodine receptors (RyR), PS1, Gq protein-coupled receptor 

(GPCR), N-methyl-D-aspartate receptor (NMDAR), α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR), Long-term potentiation (LTP), Long-term 

depression (LTD), amyloid-beta derived diffusible ligands (ADDLs), metabotropic glutamate receptors (mGluR), protein kinase C (PKC), calcineirin (CN), Ca 2+ /calmodulin-

dependent protein kinase II (CaMKII), Phospholipase C (PLC) 

 

 

 

 et al., 2007; Abdul et al., 2009; Wang 

and Reddy 2016) 

 
Aβ specifically activated extrasynaptic 

NMDARs, which caused synaptic 

loss, and memantine antagonized Aβ 
induced negative effects, in culture of 

cortical neurons (Talantova et al. 

2013). 
 

mGluR 

 

Group I mGluRs (mGluR1 and GluR5) are 
predominantly located postsynaptically, and their 

activation causes phospholipase C to hydrolyze 

phosphoinositide phospholipids (Schoepp et al., 
1999). Group II mGluRs (mGluR2 and mGluR3) 

are located in the presynaptic and postsynaptic 

elements, and presynaptic group II mGluRs are 
believed to act as autoreceptors that modulate 

glutamate release (Pinheiro et al., 2008). 

Stimulation of group I mGluR activates α- and β-
secretases but may not activate detectable γ-

secretase activity in the postsynaptic neuron. 

Group II mGluR stimulation successively 
activates first β-secretase and then γ-secretase.  
Upregulation of mGluR causes an increase in 

Aβ42 and downregulation of mGluRI causes a 
decrease in Aβ40 (Kim et al., 2010) 

 

Expression of at least some mGluR I 

subtype appears to decline across the 

lifespan, independent of the 
manifestation of psychiatric conditions 

(Crook et al., 2002; Corti et al., 

2011; Frank et al., 2011) 
 

Reduced expression of mGluR5 and 

mGluR3 receptors in the medial 
prefrontal cortex (mPFC) en aged rats 

(Hernández et al., 2018)  

 

 

The activity of group I mGluR linked 

to phospholipase C decreases in the 
cerebral cortex of models of transgenic 

mice with AD (Mucke et al., 2000) 

and in patients with AD (Albasanz et 
al., 2005) 

 

One of the groups II mGluR subtypes, 
mGluR2 is overexpressed in the 

hippocampus of patients with AD (Lee 

et al., 2004) and co-localized with 
NTF in different brain regions (Lee et 

al., 2009) 

 

LTP 

 

LTP involves the release of glutamate from the 
presynaptic terminals and glutamate diffuses 

across the synaptic cleft to bind to postsynaptic 

NMDAR and AMPAR. Activation of AMPAR 
depolarizes the postsynaptic membrane that 

results in the critical removal of Mg2+ blockade of 

the NMDAR. Removal of Mg2+ block does not 
only facilitate Ca2+ influx, but it is also essential 

for NMDAR conductance. Increase in 

cytoplasmic Ca2+ activates kinases including 
protein kinase C (PKC) and Ca2+/calmodulin-

dependent protein kinase II (CaMKII) that 

phosphorylate proteins that are important to 
enhance AMPAR function and synaptic 

transmission  (Bliss et al., 1993; Malenka et al., 

1999) 
 

 
Deficit in the induction of LTP in DG 

(Barnes et al., 2000)  

 
Increase of the threshold to induce 

LTP in primary culture of 

hippocampal neurons exposed to Aβ 
of patients with AD (Shankar et al., 

2008) 

 
Deficit in the induction of LTP with 

theta frequency stimulation (5 Hz) in 

CA1 neurons of aged rats using 
hippocampal slices (Tombaugh et al.,, 

2002)  

 
Difficulty maintaining LTP in DG and 

CA3 in senescent rats (Barnes et al., 

1983; Dieguez et al., 2004; Norris et 
al., 2005) 

 

Decrease in CA1-LTP in APP/PS1 
mice of 3 months of age (Trinchese et 

al., 2004) 

 

 
Decrease in LTP in hippocampal 

neurons of ArcAβ mice, APPSw/PS1 

mice, and I-1* mutant mice, using 
acute slices (400 µm thick) prepared 

with a vibratome (Knobloch et al., 

2007) and in hippocampal neurons of 
APP/PS1 mice of 3 months of age, 

using slices (Trinchese et al., 2004) 

 
APP/PS1 transgenic mouse models of 

Alzheimer have reported a reduction 

in LTP at nine months of age (Gengler 
et al., 2010), in contrast to the normal 

LTP during between three to five 

months of age (Huang et al., 2006) 
 

Perfusion with oligomeres of Aβ (200 

nM) for 20 min before the tetanus 
reduced LTP in slices from WT mice 

(Puzzo et al., 2005) 

 
The toxic effect of both extracellular 

oAb (200nM) and oTau (100nM) on 

LTP is dependent upon APP on 
cultured hippocampal neurons (Puzzo 

et al., 2017) 

 

LTD 

 

The induction of LTD produces a slow rise in 

intracellular Ca2+ that activates phosphatases like 
calcineurin (CN) and protein phosphatase 1 (PP1). 

Therefore, both LTP and LTD rely on the increase 

in intracellular Ca2+, and the magnitude and 
direction of synaptic function are determined by 

the amount and duration of Ca2+ increase (Bliss et 

al., 1993; Malenka et al., 1999) 
 

 

Facilitation of LTD induction in CA3-

CA1 synapse in aged rats (20-24 
months), using slices (Norris et al., 

1996) 

 
 

 

Facilitation of LTD in primary culture 

of hippocampal neurons exposed to 
Aβ extracted from patients with AD 

(Shankar et al., 2008) 

 
Facilitation of LTD induction in the 

rat hippocampus in vivo, using 

optogenetics (O’Riordan K.J. 2018) 
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Table 2. Comparative structural effects of healthy aging and Alzheimer's disease 

over the different components of synaptic plasticity 

 

postsynaptic density (PSD), long-term potentiation (LTP), dentate gyrus (DG), Mild cognitive impairment (MCI) 

Components of synaptic plasticity Healthy adults Healthy aging Alzheimer's disease 

Complexity dendritic tree 

 

In healthy adults, dendritic trees are 
highly dynamic structures, branching 

and retracting in response to the 

information received, and are 
stabilized and maintained by 

postsynaptic signaling (Cline, 2001; 

Dailey et al., 1996; Niell et al., 2004). 
The intricacy and diversity of the 

dendritic trees has been well-

documented (Cajal, 1899–1904). 
Neuronal complexity, specifically 

dendrite branching and morphology, 
facilitates and allows individual 

neurons to carry out specialized brain 

functions and cognitive behaviors, 
such as social networking, learning, 

and memory (Kulkarni et al., 2012) 

 

 

Increase in the extent of dendrites in 
the DG in elderly humans compared to 

humans of average age (Flood et al., 

1985; Hanks et al., 1991; Gomez-
Gonzalo et al., 2017). 

 

Dendritic tree reduction (35%) and 
complexity (25%) in CA1 during the 

progression of MCI to AD (Mucke et 

al., 2000; Giannakopoulos et al., 2003; 
Lanz et al., 2003) 

 

Reduction of the complexity of the 
dendritic tree in CA1 pyramidal 

neurons in tau transgenic mouse 

models (Boekhoorn, 2006; Eckermann 
et al., 2007; Thies et al., 2007; 

Dickstein et al., 2011). 
 

Density of spines 

 
Significant changes in size, density, 

and shape of the dendritic spines that 

underlie the plasticity process. 
Dynamic alterations in short-term 

synaptic strength become long-term 

stable morphological changes that 
underlie the "memory trail." (Ramon 

et al., 1891) 

 
Formation of new spines 30 minutes 

after induction of LTP (Engert et al., 

1999) and formation of new NMDAR-
dependent phyllopods in response to 

tetanus stimulation in hippocampal 

slices (Shi et al., 1999) 
 

2-6 min after tetanus stimulation along 

the perforating path, the size of 
dendritic spines by 15% followed by 

an additional 38% increase at 10-
60min after stimulation (Fifkova et al., 

1977) 

 

 
Dendritic spine density is not altered 

in CA1 pyramidal neurons in adult rats 

compared to young rats. (Markham et 
al., 2005).  

 

 
Loss of dendritic spines from MCI to 

AD (Mucke et al., 2000; 

Giannakopoulos et al., 2003; Lanz et 
al., 2003; Jacobsen et al., 2006) 

 

Decrease in dendritic density, 
prevented with the application of 

NMDA antagonists (Shankar et al., 

2007) 
 

Synaptic density 

 
The postsynaptic density (PSD) 

surface area per synapse increased 

markedly, but they did not report on a 
change in spine head volume. 

Following long-term potentiation 

(LTP) there is an increase in the 

number of perforated synapses, with 

the PSD breaking down to two 

independent components, thus 
increasing the size of the overall 

synaptic contact (Desmond et al., 

1986) 
 

Increase in perforated synapses in the 

dentate gyrus 24 h after the tetanic 
stimulation in awake rats (Mezey et 

al., 2004) 

 

 
A 27% decrease in the number of 

axodendritic synapses in the middle 

molecular layer of DG in old rats 
compared to young rats (Bondareff et 

al., 1976; Geinisman, 1979). 

 
Decrease in synaptic density (Dekosky 

et al., 1990; Terry et al., 1991; Scheff 

et al., 2003) 
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FIGURE 1. The loss of synapses correlates with the cognitive impairment 

characteristic of Alzheimer's disease. An "Alzheimer's disease synapse" that 

summarizes the reported findings of the effects of the accumulation of beta-

amyloid in the processes of synaptic plasticity. The APP is processed through 

BACE1 (β-secretase 1) and γ-secretase, which culminates in an increase in Aβ 

concentration. These high levels of Aβ because a disruption of Ca2+ homeostasis 

through different pathways: 1) Increase  in the release of calcium through the 

InsP3Rs and RyRs from the stores in RE, 2)  irregular flow of Ca2 + ions through 

NMDARs due to the binding of ADDLs to these receptors, 3) formation of pores 

permeable to Ca2 + in the plasma membrane, and 4) induction of endocytosis of 

AMPARs with GluA2 / GluA3 and NMDARs with NR2B and NR1. In addition, 

this accumulation of Abeta generates a greater expression of calcineurin and a 

decrease in phosphorylation of CaMKII and CREB, which results in the reduction 

of LTP and the increase in LTD. Interestingly, it has also been found that the 

activity of NMDAR regulates the processing of APP and, therefore, the production 

of amyloid-beta; APP, amyloid precursor protein; BACE1 (β-secretase 1) which 

processes the beta site of the APP with enzyme 1; InsP3R, Inositol 1,4,5, -tris-

phosphate receptor; RyR, Ryanodine receiver; Amyloid-beta derived diffusible 

ligands ADDLs; NMDAR, N-methyl-D-aspartate receptors; AMPAR, α-amino-3- 

hydroxy-5-methyl-4-isoxazolpropionic acid receptors; CaMKII, calmodulin / Ca2+ 

dependent kinase II protein; CREB, cAMP response element binding protein; LTP, 

long-term potentiation; LTD, long term depression. 
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exposed to Aβo 
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Abstract 

Background 

Alzheimer's disease (AD) is a neurodegenerative disorder characterized by impaired cognitive function 

which main feature is the accumulation of amyloid beta (Aβ). Researchers have studied this disease for 

more than a century through different in vivo and in vitro models, discovering a clear deterioration in 

synaptic transmission and plasticity mechanisms. However, even though hippocampal cells play a 

fundamental role in memory and learning, the cellular mechanisms that take place at both presynaptic and 

postsynaptic levels during the early stages of AD are still unknown. 

New protocol 

In this study, we successfully standardized a methodology that combines primary cell culture of 

hippocampal neurons, Aβo exposure to simulate one of the typical features of AD, and Whole-Cell patch-

clamp electrophysiological recording to evaluate the spontaneous excitatory postsynaptic activity of the 

cells for 25 days in vitro (DIV). This method allows for direct manipulation, observation, and 

understanding of the effects of Aβo on the presynaptic and postsynaptic cells through time. 

Results 

Primary culture, electrophysiological recording conditions, and Aβo exposure were adjusted to obtain 

cells with healthy membranes suitable for high-quality electrophysiological recording. 

 

Conclusions 

Our method represents a novel way of analyzing the events underlying hippocampal synaptic signaling 

deficits related to the cognitive impairment characteristic of AD. These data will contribute to the basic 

knowledge of the initial cellular events of AD. They will broaden the perspective towards new therapeutic 

targets that aim to slow down or halt the cognitive deterioration typical of AD. 

 

 

Keywords: Alzheimer's disease, mEPSCs, sEPSCs, primary culture 
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Abbreviations  

AD: Alzheimer’s Disease 

Aß: Amyloid Beta 

Aßo: Aß Oligomers 

LTP: Long-Term Potentiation 

LTD: Long-Term Depression 

EPSPs: Excitatory Postsynaptic Potentials 

AMPARs: α-amino-3-hydroxy-5-methyl-4-isoxazolpropionic acid receptor 

NMDARs: N-methyl-D-aspartate receptor 

sEPSCs: Spontaneous Excitatory Postsynaptic Currents 

mEPSCs: Miniature Excitatory Postsynaptic Currents 

TTX: Tetrodotoxin 

VGCC: Voltage Activated Calcium Channels 

GluA1: Glutamate A1 Subunit 

IP3R: Inositol 1,4,5-Trisphosphate Receptor 

RyR: Ryanodine Receptor 

ADDLs: Amyloid-Beta Derived Diffusible Ligands 

HBSS: Hank's Balanced Salt Solution 

APP: Amyloid Precursor Protein 

PKA: cAMP-Dependent Protein Kinase 

VGluT1: Vesicular Glutamate Transporter 1 

SKs: Small-conductance calcium-activated potassium channels 

BKs: Large-conductance calcium-activated potassium channels 

 

Highlights 

• A simple method for the culturing of hippocampal neurons exposed to Aβo 

• A simple method to assess the spontaneous activity of hippocampal neurons exposed to any 

pharmacological treatment 

• A simple method to record spontaneous and miniature excitatory postsynaptic currents (sEPSCs 

and mEPSCs) in hippocampal neurons exposed to Aβo 

• A method that allows for the detailed study of hippocampal neurons electrophysiology for 

prolonged times during direct exposure to a drug 
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Introduction 

Alzheimer's disease (AD) is the most common neurodegenerative disorder which main 

feature is the deterioration of cognitive processes such as memory and learning (Li et 

al., 2018). Two of its main pathological features are the extracellular accumulation of 

amyloid-beta (Aβ) and the formation of neurofibrillary tangles made of 

hyperphosphorylated tau protein (Tu, Okamoto, Lipton, & Xu, 2014). This disease may 

have a familial origin (FAD) determined by a specific mutation in the amyloid precursor 

protein (APP) or presenilin (PS1 or PS2) genes, or it may have a sporadic origin (SAD) 

(Corder et al., 1993) defined by the presence of some risk factor. Although more than 

30 million people worldwide have developed the disease, only 1-2% of cases are the 

cause of specific genetic mutations, that is, they have a familial origin (Nelson et al., 

2010). Most cases of AD, mainly 99%, have a sporadic origin, which means it may be 

the consequence of risk factors such as cardiovascular disease, high blood pressure, 

diabetes, aging, smoking, alcohol consumption or the presence of one or more of 4 

alleles of apolipoprotein E (Rhinn et al., 2013). 

After more than a century since its discovery and hundreds of researches on in vivo and 

in vitro models, one of the most accepted hypotheses about the development of AD is 

the "amyloid cascade hypothesis," which suggests that Aβ production and accumulation 

in the brain is neurotoxic and induces neuron atrophy and ultimately dementia (Hardy & 

Selkoe, 2002; Lesné et al., 2006). Furthermore, there have been tests of drugs that 

reduce Aβ production in cultured neurons and animals with AD such as Semagacestat 

and Avagacest and anti-Aβ vaccines that stimulate Aβ clearance (Coric et al., 2012; 

Henley et al., 2009). However, none of these amyloid-based therapeutic approaches 

have been clinically successful (Coric et al., 2012; Henley et al., 2009). Therefore, it is 

crucial to understand how the activity of the set of ion channels that make up 

hippocampal neurons change, their impact on synaptic transmission and synaptic 

plasticity processes, and cognitive function.   

Hippocampal cells play an essential role in learning and memory, which is why they 

have fascinated neuroscientists throughout history. However, the hippocampus' 

structural complexity and location make it challenging to perform in vivo analysis and 

manipulations. The seeding of hippocampal neurons solves such limitations facilitating 

access to cells and allowing for the employment of any pharmacological treatment, 
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detailed observation of treatment effects over a long time, and precise control of the cell 

environment. Furthermore, cultured cells gather all the features of central neurons, 

including the ability to form well-defined axons, dendrites, and synapses, which gives 

primary cell culture a great advantage over cell lines derived from the central system 

precursors. Even though primary culture has been widely used and well established for 

more than two decades (Kaech & Banker, 2006), it was not standardized to perform 

electrophysiological analysis of the spontaneous synaptic transmission of neurons 

subjected to Aβo exposure. 

The whole-cell patch-clamp electrophysiological recording makes it possible to study 

the activity of the ion channels that make up hippocampal neurons, in a native 

environment where ion channels coexist with modulators and integral membrane 

proteins and whose intracellular conditions can be modulated by the experimenter. 

Evidence indicates that alterations in synaptic transmission play an essential role in 

cognitive impairment triggered during AD (Briggs et al., 2017; Scheff et al., 2007). The 

study of spontaneous miniature excitatory postsynaptic currents (mEPSCs) will 

elucidate the cellular correlates at the presynaptic and postsynaptic level behind the 

cognitive decline. Spontaneous mEPSCs are events that occur randomly due to the 

spontaneous release of a single vesicle (Malkin et al., 2014; Sutton et al., 2004), and 

they allow for the study of cellular mechanisms at the presynaptic and postsynaptic 

cellular level. Thus, changes in the amplitude of the event are generally attributed to 

alterations at the postsynaptic level, while alterations in frequency are attributed to 

changes in the probability of neurotransmitter release at the presynaptic level (Wall & 

Usowicz, 1998; Zhang et al., 2005). Consequently, studies of spontaneous mEPSCs will 

be instrumental in elucidating the cellular bases of the alterations in the types of 

synaptic plasticity found during AD and the specific cellular correlates of the early 

stages of AD. 

The cellular mechanisms that occur in the early stages of AD in response to Aβo 

accumulation and the specific effects of such deposits on the release of 

neurotransmitters at the presynaptic level and the expression and activity of 

postsynaptic receptors are currently unknown. The study of the spontaneous and the 

miniature excitatory postsynaptic currents (sEPSCs and mEPSCs) of hippocampal cells 

under Aβo exposure through the whole-cell patch-clamp electrophysiological recording 

allows elucidating these two cellular mechanisms indirectly. 
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We suggest whole-cell patch-clamp electrophysiological recording of hippocampal 

neurons in primary culture exposed to Aβo that allows cells to preserve healthy 

membranes and a high degree of connectivity to facilitate a detailed evaluation of 

changes in synaptic transmission over a prolonged time during the early stages of the 

disease. Our primary culture method for hippocampal neurons is based on simplified 

canonical neuron culture protocols (Kaech and Banker, 2006, Fath et al., 2009; 

Beaudoin et al., 2012). Although these previous protocols provide extensive details and 

relevant information regarding how to culture hippocampal neurons, a complete method 

of Aβo exposure and whole-cell patch-clamp electrophysiological recording that allows 

for a detailed electrophysiological analysis of the presynaptic and postsynaptic 

alterations occurring during the initial stages of AD is not yet reported in the literature. 

This method is suitable and straightforward to produce hippocampal cells with healthy 

membranes as well as for records of spontaneous synaptic activity of hippocampal cells 

in primary culture exposed to Aβo. 

We anticipate that any type of electrophysiological study can make use of this method. 

This procedure will make great contributions to the basic knowledge of the early stages 

of AD. It will open the door to the discovery of new therapeutic targets for slowing 

down or interrupting the development of AD. First, we describe the methodology for 

cultivating hippocampal neurons with healthy membranes suitable for 

electrophysiological recording, then we describe the Aβo exposure method as a defining 

feature of AD, and finally, we explain the whole-cell patch-clamp electrophysiological 

recording for spontaneous and miniature excitatory postsynaptic currents (sEPSCs and 

mEPSCs). 

Methods and materials 

Animal models 

The Pontificia Universidad Javeriana’s vivarium supplied Wistar rats at embryonic day 

18-19 (E18-E19). All the experiments were carried out following Colombian standards 

(law 84/1989 and resolution 008430/1993) and the “Guide for the Care and Use of 

Laboratory Animals” of the National Research Council (NRC) of the United States, as 

well as the recommendations of the institutional committees for the care and use of 

laboratory animals (CICUAL) of the Pontificia Universidad Javeriana and the 

Universidad de los Andes. 

Primary culture of hippocampal cells 
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The primary culture of hippocampal cells was carried out following the guidelines of 

previous protocols (Beaudoin et al., 2012; Pacifici & Peruzzi, 2012) with some 

modifications. The embryos were removed by cesarean section, cutting the skin and 

abdominal wall from the pubic region to the end of the abdominal cavity to expose the 

uterus. The two uterine horns were cut, and the uterine membrane surrounding the 

fetuses was removed. Once the embryos were extracted, they were decapitated, and the 

brains were extracted and placed in HBSS. Upon brain removal, hippocampi were 

dissected under a stereoscope; meninges were removed from the cerebral hemispheres 

midline and placed in HBSS. The hippocampal tissue was dissociated with 2.5% trypsin 

for 10 min at 37 ° C using glass Pasteur pipettes with three decreasing tip diameters. 

Fifty thousand cells quantified with the 0.4% trypan blue exclusion method were 

cultured using Pasteur pipettes and a Neubauer chamber. The cells were cultured in 18 

mm glasses (Fisher Scientific, cat. No. 12-545-84 18CIR-1D) that were treated one day 

in advance with 0.5mg/ml Poly-L lysine and washed three times with autoclaved 

distilled water. The Neurobasal maintenance medium (Invitrogen, Cat. No. 21103-049) 

supplemented with B27 (50×) (Invitrogen, Cat. No. 17504044), 200mM Glutamine 

(100x) (Invitrogen, Cat. No. 25030081) and penicillin/streptomycin (Invitrogen, cat. no. 

15140122) was changed twice a week by replacing half of the old medium with a new 

one. Hippocampal cells cultured were maintained up to 18 and 25 Days In vitro (DIV). 

Preparation of amyloid-beta oligomers (Aβo) 

Amyloid-beta (Aβ) [1-40] (Invitrogen, Cat. No. 03-136) was suspended in DMSO until 

reaching a final concentration of 5mM. 5mM Aβ1-40 aliquots were stored at -20 ° C. To 

oligomerize Aβ, each 5mM Aβ1-40 aliquot was diluted in sterile phosphate buffer until 

reaching a 30nM concentration by incubating at 4 ° C for 12 hours (Fa et al., 2010; 

Walker, 2012). At 18 and 25 DIV, the culture is exposed to 30nM amyloid beta 

oligomers (Aβo) at 37 ° C for 2 hours before the electrophysiological recording. Each 

glass was then removed from the Petri dish and placed in the electrophysiological 

recording chamber, where they were perfused continuously with an extracellular 

solution for 5 min before starting the electrophysiological recording. 

Electrophysiological recordings 

At 18 and 25 days in vitro, cells were exposed to 30nM Aβ for 2h and then transferred 

to the recording chamber. Spontaneous excitatory postsynaptic currents (sEPSCs) were 

recorded with the whole-cell patch-clamp technique, using borosilicate glass pipettes 

with resistances between 4-6MΩ. The pipettes were filled with intracellular solution 
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containing (in mM): 120 K-gluconate, 20 KCl, 1 CaCl2, 2 MgCl2, 10 EGTA, 10 

HEPES, 4 Mg-ATP, 0.3 Na-GTP, 5 Tetraethylammonium chloride (TEA) (pH = 7.2), 

270 mOsm/Kg osmolarity and cells were continuously perfused with extracellular 

solution containing (in mM): 140 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES and 15 

D-Glucose (pH = 7.4), 280–300 mOsm/Kg osmolarity. Blockers such as 10µM 

tetrodotoxin (TTX) were required to selectively block voltage-controlled Na + channels 

to eliminate basal neuronal activity-dependent on action potentials and isolate them 

mEPSCs from sEPSCs. The signals were obtained using an Axopatch 1550B amplifier 

(Molecular Devices, Sunnyvale, CA, USA), filtered with a 2 kHz low-pass filter and 

digitized at 10 kHz with an A/D converter (Digidata 1550B, Molecular Devices). Data 

were stored and analyzed with a personal computer using pCLAMP 16 (Molecular 

Devices) and OriginLab 6 software. Serial resistance was continuously monitored, and 

experiments were terminated when increases were observed. Serial resistance 

compensation was not used.  

Records of spontaneous and miniature excitatory postsynaptic currents (sEPSCs 

and mEPSCs) 

Hippocampal cell sEPSCs were recorded by whole-cell patch-clamp under a continuous 

free-mode/gap-free protocol for 10 min at 18 and 25 DIV. Next, TTX was added to 

block Na + channels in order to isolate mEPSCs from sEPSCs in control cells. To 

record sEPSCs and mEPSCs from hippocampal cells subjected to Aβo, they were first 

exposed to 30nM Aβo for 2h on 18 and 25 DIV. Immediately after Aβo exposure, 

sEPSCs were recorded for 10 min, then mEPSCs were isolated from sEPSCs by adding 

TTX directly to the recording chamber. To achieve an optimal whole-cell patch-clamp 

record, pipettes were polished from glass capillaries until obtaining a resistance between 

4-6MΩ. The electrode was placed inside the chamber and then located next to the target 

cell just where it caused a deformation of the membrane, maintaining the positive 

pressure of the pipette. At this point, the positive pressure was released, creating a high 

resistance seal (of at least 1GΩ) between the tip of the pipette and the cell membrane, 

then, negative pressure was applied to break the membrane and to reach the whole-cell 

mode (Hamill et al., 1981). The cells were kept at a -60mV voltage so that Mg2+ ions 

would keep NMDARs blocked. The currents were amplified at 2mV/pA, filtered at 

2kHz, and digitized at 10kHz following the mEPSC recording protocol with some 

modifications (Scanziani et al., 1992). Then, the recorded sEPSCs and mEPSCs were 

analyzed offline using a detection threshold of -10pA; this threshold was   ̴2.5 times 
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larger than the root mean square noise (baseline). Given that frequency and amplitude 

analysis of sEPSCs and mEPSCs have been widely employed (Korn et al., 1993; 

Malgaroli & Tsien, 1992), we used them as an indirect way of analyzing processes at 

the presynaptic and postsynaptic levels respectively. Events with amplitudes equal to or 

greater than the selected threshold were kept for analysis. The amplitude distribution 

histograms of sEPSCs and mEPSCs were constructed with a bin amplitude of 5-10pA. 

Serial resistance was monitored throughout each experiment and was typically between 

15-30MΩ. Records with serial resistance > 40MΩ were discarded; additionally, we did 

not consider records whose serial resistance changed throughout the experiment. 

Procedure 

Primary cultures of hippocampal neurons were used to study the effects of exposure to 

amyloid beta Aβo (30nM) oligomers on the amplitude and frequency of sEPSCs and 

mEPSCs for a period of 2h. Unlike brain slices and in vivo studies primary cultures 

facilitate access, observation, and pharmacological treatment, allowing a much more 

detailed analysis of alterations in synaptic transmission with a longer time scale of 25 

DIV (Corner & Ramarkers, 1991; Ramakers et al., 1990; Rutherford et al., 1998; 

Turrigiano et al., 1998). The sEPSCs from primary culture hippocampal rat cells were 

recorded using the whole-cell patch-clamp technique at a holding potential of -60mV, 

the potential at which Mg2+ ions block NMDARs (Nowak et al. 1984) at 18 and 25 

DIV under control conditions and 30nM Aβ exposure for 2h. After two hours of Aβo 

exposure at 37 ° C, the cells containing glass was placed in the recording chamber, 

where it was continuously perfused with the extracellular solution for 5 min. The 

control sEPSCs and Aβo were registered for 10min, then TTX was added to register 

mEPSCs (Coombs & Soto, 2016) for the following 10min. After these records, the glass 

was changed, and the chamber washed to start a new record. The Aβ monomers were 

oligomerized (Fa et al., 2010) for 24h, and then, at 18 and 25 DIV, they were added at a 

concentration of 30nM for 2h before electrophysiological recording. The effects of Aβo 

on the amplitude and frequency of sEPSCs and mEPSCs were evaluated at these two 

points of neuronal development (18 and 25 DIV), given that recent findings have 

suggested that in vitro primary cultures have two maturation steps: synaptic functional 

connectivity of the network and correlated and stable general activity (Chiappalone et 

al., 2006). The biphasic effect of Aβo on the expression and sensitivity of AMPARs 

receptors has also been widely reported (Megill et al., 2015; Y. Zhang et al., 2018). 

Three hundred trials were performed, of which approximately five were selected per 
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treatment. Typical sEPSCs and mEPSCs are shown in Figure 2 and are very similar to 

those previously reported in central glutamatergic synapses (Bekkers et al., 1990; 

Hestrin, 1992; Manabe et al., 1992; McBain and Dingiedine, 1992; Silver et al., 1992). 

The analysis of alterations in amplitude and frequency of sEPSCs and mEPSCs was an 

indirect way to evaluate cellular processes at the presynaptic and postsynaptic levels 

(Malgaroli & Tsien, 1992; Malkin et al., 2014; Van der Kloot, 1991). 

Results 

Based on previously reported alterations in the regulation of synaptic transmission and 

plasticity during AD (Knobloch et al., 2007; Pasino et al., 1996; Puzzo et al., 2017) and 

the growing need to understand the cellular correlates behind cognitive decline during 

the early stages of AD, we devised a protocol that would allow us to evaluate the effects 

of AB accumulation on the spontaneous activity of hippocampal neurons in primary 

culture. We made several modifications to the existing neuronal primary culture 

methods (Beaudoin et al., 2012; Nunez, 2008) to obtain hippocampal neurons with 

healthy membranes and a high degree of connection suitable for electrophysiological 

recording. The hippocampal neurons obtained using this method developed broad 

axonal and dendritic axes and formed functional synaptic connections (Figure 1). The 

modified parameters were: 

Optimization of the concentration and time of Poly-L-Lysine 

We tested several concentrations of Poly-L-Lysine: 0.5mg/ml, 1mg/ml, and 2mg/ml, as 

well as different application times: 24 hours at 20 ° C or 4 hours at 37 ° C in an 

incubator. Glasses treated with Poly-L-Lysine at a concentration of 0.5mg/ml for 24 

hours at 20 ° C allowed for adequate adherence of the cells and produced the healthiest 

cultures (Figure 1A). Applying Poly-L-Lysine at a concentration of 1mg/ml to each 

glass for 4 hours at 37 ° C also provided optimal results (Figure 1B). Other factors can 

influence the quality of the culture obtained, like the method used to wash and sterilize 

the glasses. Once having the optimal Poly-L concentration to cover the glasses to get 

perfectly adhered hippocampal cells for a high-quality electrophysiological recording, 

enzymatic dissociation was another critical step. 

Optimization of the enzymatic dissociation step 

The protocol used to dissociate cells from the hippocampus tissue is schematically 

shown in Figure 1 (see also Methods). The enzymatic dissociation of brain tissue is one 

of the most decisive steps in preparing primary cell cultures. Freshly dissected cortex 
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and hippocampal neurons are normally dissociated by incubation in 0.25% trypsin for 

10 to 15 min at 37 ° C (Beaudoin et al., 2012; Benson et al., 1994; Kaech & Banker, 

2006). However, these treatments were designed to obtain an excellent neuronal 

survival ratio for immunohistochemical and biochemical studies but not for 

electrophysiological studies that require healthy cells with healthy membranes to be 

monitored for a long time. We tested different times of exposure to 0.25% trypsin: 10 

min, 15 min, and 20 min. We found that the most effective time to dissociate cells easily 

and to obtain individual cells with healthy membranes suitable for electrophysiological 

recording was 20 min (Figure 1A). When we used a shorter trypsinization time, the 

dissociation process became much more difficult, and the neurons agglomerate the day 

after being cultured (Figure 3B). 

We also tested two dissociation methods, first using 1000µL, 200µL, and 10µL pipettes 

and then using glass pipettes of three decreasing diameters. Using glass pipettes was the 

most effective method to obtain individual healthy growing cells on glass without 

forming neurospheres (Figure 1A). In addition to the trypsinization step, the 

dissociation method was decisive in achieving a quality primary culture. Such 

dissociation was carried out gently, ensuring little or no bubbling from the liquid, 

immediately after trypsinization and before seeding. We obtained healthy cells with 

long neurites protruding from the cell body, and good separation between cells at 5 DIV 

(Figure 5), by 18 DIV there were fewer cells present, but more neurites and synapses 

(Figure 5). Once the time and concentration conditions for Poly-L-lysine and trypsin 

were standardized, and once the dissociation method was defined, another critical step 

in having a healthy culture of hippocampal cells is seeding density.  

Validating seeding density 

We seeded hippocampal cells at different densities: 40,000, 50,000, and 100,000 per 

18mm glass. We compared these cells in terms of their development, sEPSCs, mEPSCs, 

and the quality of the electrophysiological records obtained. The seeding density of 

50,000 per 18mm glass allowed for high-quality records of sEPSCs and mEPSCs, given 

that the cells manage to interconnect through a good number of synapses (Fig. 6). 

Figure 2 shows the results obtained on day in vitro 10 using seeding densities 40,000 

and 50000 cells per 18 mm glass. A seeding density of 50,000 cells reached high 

viability of interconnected neurons that showed high-quality records of spontaneous 

synaptic activity. Once the cells were perfectly dissociated, cultured at an adequate 
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density and correctly adhered to the glass, forming healthy neural networks, the next 

step was to standardize the conditions of Aβo exposure. 

Aβo exposure 

We tested different Aβo concentrations and times of exposure based on preliminary in 

vivo studies that used models of genetically modified animals and in vitro studies using 

slices of the hippocampus (Martin, Page, & Terro, 2011). We selected 30nM as the 

optimal concentration to simulate one of the characteristic pathological features of 

Alzheimer's since it does not generate cytotoxicity and is close to the Aβo 

concentrations found in AD patients (Fritschi et al., 2014). Having standardized the 

conditions to achieve an optimal culture with healthy and connected cells for a high-

quality electrophysiological recording, we proceeded to standardize the recording 

conditions.  

Whole-cell patch-clamp electrophysiological recording  

Several factors are decisive when it comes to obtaining good electrophysiological 

recordings. The first one is registration pipettes resistance, so we tested different 

resistances and forms of pipettes to find that the pipette resistance that allows for better 

seals and for easily accessing the cell without damaging the seal, is between 6-8MΩ. 

Such resistance allowed us to achieve a high-quality seal between the pipette tip and the 

membrane to access the cell achieving the whole-cell mode easily. We then 

recommended this resistance value to achieve whole-cell mode in hippocampal neurons, 

given the size of this type of cell. To achieve this pipette shape and strength, we use 

Narishige vertical puller, which generates two pipettes that subtly differ in shape and 

strength. Once we had registration pipettes with the appropriate shape and resistance, 

the method used to achieve the Gigasello was decisive in obtaining durable records. 

We tested different approaches and pressures to break the membrane without affecting 

seal quality. We found a way to obtain a suitable seal (with a resistance of at least 1GΩ) 

by following some simple steps: exerting an initial positive pressure on the registration 

pipette, maintaining it as we got closer to the cell with the micromanipulator, releasing 

it and producing a very soft suction once the increase in resistance was achieved. To 

improve seal quality or to facilitate its formation, we recommend gradually apply a 

negative voltage to the pipette (from 0 to -60mV). At this point, we achieved the cell-

attached mode. Once the seal is formed, the negative pressure must be released and wait 

for one min. Then, we notice that by excreting a gentle and gradual negative pressure, it 

is possible to break the membrane without affecting seal quality and to obtain a whole-
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cell mode. Once inside the cell, the internal solution composition was critical to 

achieving registration of sEPSCs and mEPSCs (Figure 6). 

Validating external and internal solution for recording spontaneous and miniature 

excitatory postsynaptic currents (sEPSCs and mEPSCs)  

After many standardizations and based on previous studies of spontaneous activity in 

other models (Malkin et al., 2014; Scanziani et al., 1992), we used the internal K-

Gluconate solution with the following composition: 120 K-gluconate, 20 KCl, 1 CaCl2, 

2 MgCl2, 10 EGTA, 10 HEPES, 4 Mg-ATP, 0.3 Na-GTP, 5 Tetraethylammonium 

chloride (TEA) (pH = 7.2), 270 mOsm/Kg osmolarity and an extracellular solution 

containing (in mM): 140 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 10 HEPES and 15 D-

Glucose (pH = 7.4), and 280–300 mOsm/Kg osmolarity (Figure 6). 

Validating optimal days in vitro to perform an electrophysiological recording 

We performed a total of three hundred records on different days in vitro, starting on the 

day in vitro 4 (4 DIV) when there was no sign of activity. We recorded spontaneous 

excitatory postsynaptic currents on the day in vitro 10; however, it was not until 18 DIV 

that we managed to record sEPSCs and mEPSCs steadily (Fig. 6). Figure 5 shows how 

the cells isolated with trypsin, dissociated with glass pipettes of decreasing diameter and 

grown in Neurobasal medium supplemented with B27, start as spherical cells with 

processes that extend in a matter of hours (Fig. 5). Figure 5 shows the neurites' growth 

prolongation at 5 DIV, and healthy cells with a characteristic neuron structure at 10 

DIV. Many of these cells have a pyramidal shape with active growth cones that seek to 

expand the neural network at 18 DIV. 

 

Discussion 

Early diagnosis and treatment for Alzheimer's disease continue to be a challenge 

(Findley et al., 2019; Yeung et al., 2020). The therapeutic intervention will be much 

more productive during its early stages before the initiation of neurodegeneration; 

therefore, the knowledge about what happens at the cellular level during these initial 

stages, is decisive. In this study, we standardized a method that allows for the recording 

of spontaneous excitatory activity of hippocampal cells, controlling intracellular 

conditions, and simulating one of the characteristic pathological features of AD. 

Concerning this matter, it is possible to obtain hippocampal neurons with healthy 

membranes only by being extremely meticulous in each of the primary culture steps, 
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from the coverslip washing protocol to the medium change frequency, all the way 

through the trypsin and Poly-L-lysine concentrations used.  

One of the most relevant factors of this procedure is starting with spotless glasses. We 

achieved glasses suitable for seeding by letting them sit in 39% HCl for at least 24 

hours, washing them several times (2-3) for 10 min with autoclaved water, and finally 

drying them in the oven at 100 ° C in small, separate groups. Although some protocols 

use 1N nitric acid (Beaudoin et al., 2012), we got better results with HCl. Once the 

coverslips are ready, the next step is to cover them with Poly-L-Lysine, the point at 

which the Poly-L-lysine concentration added was crucial to obtain successful results. 

Coverslip coating is critical to ensure successful cell adhesion. Neuronal membranes are 

negatively charged, so a positively charged coating on the glass is required (Banker & 

Goslin, 1998). The polymer type used to coat the coverslip will determine the 

distribution of neuronals soma, which will, in turn, affect the formation of synaptic 

connections between neurons through contacts between neurites and, ultimately, the 

structural pattern of the neural network. We decided to work with Poly-L-lysine because 

previous studies indicate that coating with Poly-D-lysine (PDL) generates more cellular 

agglomerates (Sun et al., 2012). On the other hand, since Poly-L is toxic to cells, the 

established concentration should not be exceeded (Kaech & Banker, 2006).  Perfect cell 

adherence to the glass was achieved when Poly-L concentration and the exposure time 

was 0.5mg/ml for 24 hours at 4 ° C and 1.0mg/ml for 4h at 37 ° C. These concentrations 

and exposure times guaranteed healthy individual neurons, adequately adhered to the 

surface (Figure 1A). However, during standardization, we found that the presence of 

islands of cells attached that leave large gaps in the glass was a clear indicator of 

problems with Poly-L-Lysine (Figure 3A). Once conditions for obtaining coverslips 

ready for neuronal culture were standardized, another critical factor in obtaining a 

quality culture was trypsinization. 

Trypsin is a serine protease with specific C-terminus cleavage activity of positively 

charged side chains, such as proteins that facilitate adhesion (Huang et al., 2010). Given 

its relationship with dissociation, trypsin concentration is crucial for achieving cells 

with healthy membranes and high-quality records. The concentration that led us to 

obtain excellent results was 0.25% with an exposure time of 20 min. Higher 

concentrations rapidly degrade all tissue, which results in cell death, and exposure for a 

shorter time to the same concentration hinders the dissociation process (Huang et al., 

2010). Therefore, trypsinization concentrations and times should be thoroughly 
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controlled to achieve optimal results. Once trypsinized, cells must be dissociated, and 

although this step seems trivial and straightforward, it is decisive for obtaining healthy 

individual cells. Thus, slow dissociation without bubbling with glass pipettes of three 

decreasing diameters, immediately after trypsinization and just before seeding, increases 

the probability of obtaining a high percentage of healthy and individual cells. Once the 

cells are perfectly dissociated, the next step is to seed at a specific density. The optimal 

seeding density will depend on the purpose of the study, which, in our case, is the 

evaluation of spontaneous synaptic transmission. 

Seeding density affects the maturity degree of the neural network, dendritic 

morphology, and synaptic formation, distribution, and density, due to variations in cell-

to-cell contact and concentration of extrinsic factors (Cullen et al., 2010; Previtera et al., 

2010). Seeding density, therefore, determines neural network structure and synaptic 

activity recordings. We obtained high-quality whole-cell patch-clamp 

electrophysiological recordings of sEPSCs and mEPSCs by seeding a cell density of 

50,000 per 18mm glass. This culture density allows for the obtaining of perfectly 

interconnected neurons, which are easily observable and manipulable and suitable for 

electrical activity recording. Our data is consistent with previous studies in terms of 

showing that the most dispersed networks exhibit stronger synaptic connections and 

higher firing rates than denser networks (Cohen et al., 2008; Ivenshitz & Segal, 2010). 

On the other hand, we only managed to register sEPSCs and mEPSCs from 14 DIV and 

steadily from 18 DIV. This may be because regardless of tissue origin, at 7 DIV, the 

cultures generally show lower synaptic density and less connectivity than previous 

stages, with a peak at 14 DIV (Ichikawa, Muramoto, Kobayashi, Kawahara, & Kuroda, 

1993), which reflects neural network maturity. Once cells are differentiated and 

perfectly adhered to coverslips, yet another crucial factor is culture maintenance, which 

in turn is given by the frequency in which the medium is changed.  

We tested various frequencies for changing the medium. We found that doing it once a 

week (every seven days) prevents the elimination of neurotrophic factors produced by 

glial cells and allows for obtaining a healthy and lasting culture. Since the B27 

supplement contains essential fatty acids, antioxidants, vitamins, and hormones that 

allow the seeding of embryonic neurons from numerous regions of the rat brain for 

weeks in high viability (Brewer, 1995), we found that neurons quickly deteriorated 

when the medium was replaced more frequently (2-3 days). This observation indicates 

that growth factors levels decline to the point of neuronal development compromise. 
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Once neurons were perfectly adhered to the glass, individual, healthy, synaptically 

connected and maintained until 25 DIV, it was then necessary to standardize the 

conditions for Aβo exposure. 

Hippocampal cells sustained for 18 and 25 DIV were exposed to Aβo at a 30nM 

concentration for 2h before electrophysiological recording. Such concentration and 

exposure time are within the range used in other in vitro and in vivo studies (Nimmrich 

et al., 2008; Shankar et al., 2008) and within Aβ concentrations found in brain extracts 

from patients with AD (Fritschi et al., 2014). The Aβ oligomers were obtained 

according to established protocols (see Methods), and once Aβ exposure time was up, 

the cells were placed in the recording chamber. From this point on, the recording 

parameters and conditions were decisive to record high-quality sEPSCs and mEPSCs. 

Whole-cell voltage-clamp is one of the most powerful techniques to study the activity of 

all the voltage- or ligand-activated channels that make up a cell (Molleman, 2003). The 

electrode comes into direct contact with the inside of the cell, allowing the intracellular 

medium to be controlled. We found that it is easy to accomplish a seal and to access the 

cell, maintaining its stability when we used a resistance between 6 and 8MΩ. We use a 

vertical pipette stretcher that first utilizes high temperature (850) to stretch and thin the 

glass and then decreases to a lower temperature (540) to break the glass and achieve the 

desired resistance. High temperatures in the second step made the glass more fluid and 

stretched further before breaking, producing a much smaller opening and increased 

strength. In contrast, lower temperatures made the glass more easily broken at a larger 

diameter and therefore generated less resistance. Once the pipettes have the desired 

shape and resistance, the next crucial factor was the method used to achieve the seal and 

access the cell. 

We found that, when exerting positive pressure on the registration pipette, maintaining 

it as we approach the cell with the micromanipulator, releasing it, and making a very 

gentle suction once we observed the increase in resistance, contributed to achieving a 

successful seal (seal with at least 1GΩ resistance). To improve seal quality or to 

facilitate its formation, it is recommended to gradually apply a negative voltage to the 

pipette (from 0 to -60mV). Once the seal is formed, the negative pressure must be 

released and wait for one minute. After such time we notice that by exerting a gentle 

and gradual negative pressure, it is possible to break the membrane without affecting 

seal quality and access the cell to achieve a whole-cell mode. Too much negative 

pressure when forming the seal will tend to pull the membrane inside the pipette. Cell 
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size is also essential when it comes to achieving a good seal in whole-cell mode. The 

ideal cell size was 10-20 µm in diameter (Figure 4). Larger cells generated large 

currents and large serial resistance Rs, leading to significant errors in voltage control. 

Furthermore, serial resistance must be checked often (every 2-3 min), since high serial 

resistance leads to low-quality data with less time resolution, and it indicates that 

membrane debris might be blocking the electrode. Once the seal is created and the 

whole-cell mode achieved, another critical parameter is the sampling frequency. 

The raw analog signal contains the signals leaving the cell as well as the high levels of 

thermal and electrical noise. The Axon amplifier has a low-pass filter that eliminates 

high-frequency noise. If noise is not filtered, the appearance and information quality of 

our data will decrease. Therefore, to achieve quality records, the sampling frequency 

must always be at least twice the low-pass filter frequency. We use a low-pass filter 

frequency of 2kHz and a sampling frequency of 10kHz, so as not to lose relevant 

information. A high sampling rate will meticulously represent the data, while a low 

sampling rate can cause an unrecoverable loss of information (especially in quick 

events). Finally, the composition of the external solution, but mainly the composition of 

the internal solution was decisive when studying the spontaneous synaptic transmission 

of individual cells. 

We use internal K-Gluconate solution to measure sEPSCs and mEPSCs because the use 

of this solution with added 10mM TEA allows to block leaks and better simulates the 

physiological state of the K+ of neurons. The Em was -60mV, and therefore the Ehold 

was -60mV, which resulted in zero quiescent currents and preventing ions redistribution 

in the cytoplasm and ultimately achieving records of large mEPSCs. Furthermore, 

internal solutions based on K-Gluconate are suitable for measuring spontaneous 

currents around normal resting potentials. On the other hand, a low chloride 

concentration was used to cause the sIPSCs to be directed outward, and the sEPSCs 

inward to be recorded at a retention potential of -70mV (Tsintsadze et al., 2017). 

Another key consideration is related to Ca2+ concentration. We add 1mM CaCl2 and 

10mM EGTA buffer to obtain a Ca2+ free concentration of    ̴25nM at 7.2 pH. Finally, 

in order to maintain the activity of many channels, we add 4mM Na-ATP to the internal 

solution, and to maintain the G protein-dependent membrane currents, we add 0.3mM 

GTP. 

The quality of the whole-cell patch-clamp recording was evaluated following these 

parameters: 1. initial seal resistance above 1GΩ, 2. serial resistance below 20GΩ kept 
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constant throughout the recordings, and 3. stable cell capacitance and resistance 

(Molleman, 2003) plus the quality of our method. The whole-cell patch-clamp 

electrophysiological recording of hippocampal cells in primary culture exposed to Aβo 

described here, allows for a thorough analysis of cells using a primary culture with a 

defined pharmacological treatment. Although the protocols for embryonic hippocampal 

cell culture have been previously defined (Beaudoin et al., 2012; Nunez, 2008), our 

method formulates critical changes. We used a trypsinization time of 20 min and a 

method of dissociation with glass pipettes, we also excluded steps that can affect cell 

integrity, such as the application of DNAase, and finally, we optimized culture density 

and standardized the conditions and the days in vitro in which the best records of 

sEPSCs are obtained. Although this method is easy, simple, and effective in obtaining 

cultures of healthy hippocampal neurons whose spontaneous activity can be easily 

evaluated, it has some limitations.  

Although many of the essential characteristics of neurons derived from embryonic 

tissue are like those of neurons from adult tissue (Bartlett & Banker, 1984), 

environmental and temporal gene switches may work differently in culture than in the 

brain. Another limitation of this model is that it simulates only one of the pathological 

features of Alzheimer's disease, so it would be interesting to be able to model AD in 

primary culture combining different typical features of this disease. As we are dealing 

with an in vitro study, there is always the concern that it may not reflect what occurs 

with the synaptic activity of hippocampal neurons in AD patients (as would be the case 

of an in vivo model). This type of study only allows the assessment of the electrical 

activity of a cell interconnected with hundreds of other cells. Furthermore, bearing in 

mind that this method allows for the evaluation of the activity of entire sets of channels 

that make up each hippocampal cell recorded under the intracellular conditions 

established by the experimenter, it represents only a Spatio-temporal window through 

which the experimenter can look to elucidate what happens at a given time of AD 

development under precise conditions. With this simple method, it would be possible to 

simulate further AD conditions and features such as glutamate excitotoxicity, the 

gradual increase in extracellular and intracellular Ca2+ concentration, gradual activation 

or inhibition of BKs and SKs channels and/or increased activity of calcium channels 

activated by type P, Q, L or R voltage. Given the wide range of research possibilities, 

future studies could focus on the evaluation of calcium channel activity in whole-cell 

mode and cell-attached mode at different stages of AD development. 
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Figure 1. Wistar E18-

E19 rat hippocampal 

neurons at 10 DIV. 

18 mm glasses treated 

with Poly-L lysine 

0.5mg / ml for 24 

hours at 20 ° C, 

dissociation with 

trypsin 0.25% for 20 

min and glass pipettes 

with decreasing 

diameter. The cells 

were photographed 

under an inverted 

microscope. 

Bar=40µm.   
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Figure 2. Wistar E18-E19 rat 

hippocampal neurons seeded at 

different densities in 18mm glass. A. 

50,000 cells per 18mm glass at 10 DIV, B. 

40,000 cells per 18mm glass at 10 DIV. 

The cells were photographed under an 

inverted microscope. Bar = 40µm. 

A 

B 

Figure 3. Problems with Poly-L-Lysine 

and trypsinization. A. Formation of 

neurospheres at the 5 DIVs as a result of 

exposure to Poly-L-Lysine during a very 

short time (<24h at 4 ° C or <4h at 37 ° 

C). B. Formation of 10 DIV 

agglomerates, a product of trypsin 

application for 10 min, and the poor 

dissociation. The cells were 

photographed under an inverted 

microscope. Bar = 40µm. 



 

66 
 

 

 

 

 

 

 

 

 

  

A B 

Figure 4. Different approach methods. A. 50,000 cells per 18mm glass, B. 50,000 cells per 18mm glass. 

Figure 5. Timeline of rat hippocampal neurons Wistar E18-E19 in culture primary. Representative 

images 2 DIV (left), 5 DIV (center), 18 DIV (right). Cells photographed with an inverted microscope. Bar = 

40µm. 
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Figure 6. Whole-cell patch-clamp 

electrophysiological recording of 

spontaneous excitatory postsynaptic 

currents (sEPSCs) from hippocampal 

cells at 18 DIV. Registered at -60mV. 

A. Typical trace frequency and kinetic 

properties of a hippocampal neuron 

(inset) sEPSCs at 18 DIV. 
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Abstract 

Alzheimer's disease (AD) is a neurodegenerative disorder characterized by the 

deterioration of memory and learning. Synapses are fundamental to the transfer, coding, 

and storage of information, and the latest findings indicate that the deterioration of 

synaptic transmission is caused by the accumulation of amyloid beta (Aβ) as a 

consequence of dysregulated Ca2+ homeostasis, increased oxidative stress, and 

mitochondrial dysfunction. The molecular mechanisms that occur at the presynaptic and 

postsynaptic levels in hippocampal neurons in the early stages of AD have not been 

fully characterized, nor have their effects on the encoding of neuronal information by 

these cells. Miniature spontaneous activity, which is the result of the spontaneous fusion 

of individual vesicles and the release of quanta/unique neurotransmitter packages, 

allows us to analyze the presynaptic and postsynaptic elements separately by evaluating 

their spontaneous firing frequency and amplitude. To characterize the spontaneous 

electrical activity of hippocampal neurons during the early stages of the 

neurodegeneration process associated with AD, we studied, through the patch-clamp 

whole-cell technique, the effect of the presence of 30 nM Aβ oligomers (Aβo) on the 

amplitude, spontaneous firing frequency, and firing pattern of miniature excitatory 

postsynaptic currents (mEPSCs) in primary in vitro hippocampal primary cultures from 
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Wistar rat embryos. We found that exposure to Aβo increased the amplitude of 

spontaneous mEPSCs, which indicated alterations at the postsynaptic level, and 

modified the firing pattern of the cultured hippocampal cells, which indicated changes 

in the coding of the information. These data expand the basic knowledge on the cellular 

basis of the early deterioration of synaptic transmission, with implications on the 

processes of synaptic plasticity and cognitive loss resulting from the alteration of 

neuronal synaptic activity during AD. 

 

Introduction 

Alzheimer's disease (AD) is a neurodegenerative disorder characterized by cognitive 

deficits, specifically memory loss and impaired learning processes (Palop & Mucke, 

2010; Yeung et al., 2020). Although different hypotheses have been put forth to explain 

the way the disease develops, the most accepted hypothesis is the amyloid beta cascade 

hypothesis, which holds that the production and accumulation of amyloid beta (Aβ) in 

the brain is neurotoxic and induces neuron atrophy and finally dementia (Hardy & 

Selkoe, 2002; Lesné et al., 2006). 

The accumulation of Aβ has been widely studied. It facilitates long-term depression 

(LTD) (O'Riordan et al., 2018; Shankar et al., 2007; Hsieh et al., 2006) and impairs 

long-term potentiation (LTP) (Puzzo et al., 2017; Zhao et al., 2010; Walsh et al., 2002), 

which culminates in dysfunctional synaptic activity (Mucke & Selkoe, 2012; Yao et al., 

2003). These effects result from the selective induction of endocytosis of glutamate 

receptors of the N-methyl-D-aspartate (NMDAR) family and α-amino-3-hydroxy-5-

methyl-4-isoxazolpropionic acid receptors (AMPARs) (Querfurth & Laferla, 2010; 

Zhao et al., 2010); the chronic activation of NMDARs (Danysz & Parsons, 2003) by 

Aβ-derived diffusible ligands; changes in the distribution of synaptic and extrasynaptic 

NMDARs (Hardingham et al., 2002); the increase in the expression of InsP3R and RyR 

Ca2+ receptors of the endoplasmic reticulum (Del Prete et al., 2014); and/or the 

formation of pores in the plasma membrane that allow Ca2+ ions to flow through (Zhu 

et al., 2000). This set of alterations culminates in changes in Ca2+ homeostasis, a key 

process in neuronal growth and differentiation, in the modulation of neurotransmitter 

release, in the maintenance of the properties of action potentials, and in the regulation of 
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mechanisms of synaptic plasticity (Tong et al., 2018; Zhang et al., 2015), that is, in the 

cellular processes of neurotransmission. 

Thus, dysregulation of Ca2+ homeostasis (Ureshino et al., 2019a), upregulated 

oxidative stress processes, and mitochondrial dysfunction (Tu et al., 2014) resulting 

from the accumulation of Aβ cause the deterioration of synaptic transmission that 

culminate in the cognitive deterioration characteristic of AD and the related 

neurodegeneration. However, the molecular mechanisms that occur at the presynaptic 

and postsynaptic levels in hippocampal neurons when Aβ oligomers (Aβo) start to 

accumulate are still unknown. An indirect and widely used way to evaluate these two 

levels of action separately is to analyze the frequency and amplitude of miniature 

spontaneous activity (Fatt & Katz, 1952) because this type of activity is the product of 

spontaneous fusion of individual vesicles containing neurotransmitters with active sites 

in axonal terminals (Scanziani et al., 1992). In this way, the amplitude of spontaneous 

miniature excitatory postsynaptic currents (mEPSCs) provides information on the 

sensitivity of the postsynaptic receptor to the released neurotransmitter, the levels of 

expression of these postsynaptic receptors, the ionic flow through them, the number of 

packed molecules of transmitter per vesicle, the process of vesicle release (Korn et al., 

1993; Van der Kloot, 1991), or even the size of the presynaptic vesicles (Ishikawa et al., 

2003). On the other hand, the spontaneous frequency generally provides information 

about the probability of neurotransmitter release, the number of active zones, and the 

number of packed vesicles per active zone (Auger & Marty, 2000; Oertner & Svoboda, 

2002). Therefore, the study of spontaneous mEPSCs allows us to determine the first 

cellular effects of Aβo on synaptic transmission in the early stages of AD. 

To evaluate the effect of Aβo on synaptic transmission, we established primary in vitro 

cultures of hippocampal cells obtained from rat embryos, and with the help of the patch-

clamp technique in whole-cell configuration, we recorded the changes in amplitude, 

spontaneous firing frequency, and firing pattern of mEPSCs. Our results show that 

exposure to Aβo in the early stages of AD modifies the amplitude and firing pattern of 

spontaneous mEPSCs, which suggests changes in postsynaptic elements and in the 

coding of information. 
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Methods and materials 

Animals 

Embryos of Wistar rats aged embryonic day 18-19 (E18-E19) were supplied by the 

Bioterio of the Pontificia Universidad de Javeriana-Bogotá. All experiments followed 

the guidelines of Law 84 of 1989, Resolution 008430 of 1993 and the “Guide for the 

Care and Use of Laboratory Animals” of the National Research Council (NRC) of the 

United States, as well as the recommendations of the institutional committees for the 

care and use of laboratory animals (comités instituionales para el cuidado y uso de 

animales de laboratorio - CICUAL) of the Pontificia Universidad de Javeriana 

(Pontifical Xavierian University) and the Universidad de los Andes (University of Los 

Andes). 

Primary culture of hippocampal cells 

The primary culture of hippocampal cells followed previous protocols (Beaudoin et al., 

2012; Pacifici & Peruzzi, 2012), with some modifications. The embryos were extracted 

by cesarean section, making a cut in the skin and abdominal wall from the pubic region 

to the end of the abdominal cavity to expose the uterus. The two uterine horns were cut, 

and the uterine membrane surrounding the fetuses was removed. Once the embryos 

were extracted, they were decapitated, and the brains were extracted and placed in 

Hanks's balanced salt solution (HBSS). The hippocampus was dissected in HBSS under 

a stereoscope, and the meninges were removed from the midline of the cerebral 

hemisphere. The hippocampal tissue was dissociated with 2.5% trypsin for 15 min at 37 

°C using glass Pasteur pipettes. A total of 50,000 cells were seeded per 15-mm 

coverslip (Fisher Scientific, cat. No. 12-545-84 18CIR-1D). The neural cells were 

quantified with the 0.4% trypan blue exclusion method in a Neubauer chamber. The 

coverslips were prepared 2-5 days before the culturing, washed with 37% HCl for 24 

hours, treated one day before the culturing with 0.5 mg/ml poly-L lysine (12 hours at 4 

°C), and washed three times with distilled water autoclaved in a culture chamber. 

Neurobasal maintenance medium (Invitrogen, cat. No. 21103-049) was supplemented 

with B27 (50×) (Invitrogen, cat. No. 17504044), 200 mM glutamine (100x) (Invitrogen, 

cat. No. 25030081) and penicillin/streptomycin (Invitrogen, cat. No. 15140122) and 

changed twice a week, replacing half of the old medium with new medium. 
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Hippocampal cells cultured in this way were kept in an incubator at 37 °C with 5% CO2 

until in vitro day 18 (DIV) (Figure 1A). 

Preparation of Aβo 

Amyloid-beta Aβ40 (Invitrogen, cat. No. 03-136) was suspended in dimethylsulfoxide 

to a final concentration of 5 mM. Aliquots of Aβ40 (5 mM) were stored at -20 °C. To 

oligomerize Aβ, each aliquot of Aβ was diluted in sterile phosphate buffer to a 

concentration of 100 nM, followed by incubating for 12 hours at 4 °C (Fa et al., 2010; 

Walker, 2012). Before the electrophysiological recording, the Aβo were applied to the 

primary culture of hippocampal neurons at 18 DIV in a final concentration of 30 nM for 

2 hours at 37 °C. Then the cells were placed in the recording chamber and washed to 

initiate the electrophysiological recording. We chose Aβo because much evidence 

suggests that these cause abnormalities in synaptic function stronger than those caused 

by fibrils or amyloid deposits (Tomiyama et al., 2010; Selkoe et al., 2008; Walsh et al., 

2007; Klein et al., 2001). In addition, the 30 nM concentration is within the range of 

concentrations used in different studies evaluating the effect of Aβo on the processes of 

synaptic plasticity (O'Riordan et al., 2018; Puzzo et al., 2017; Zhao et al., 2010) and is 

very close to that found in patients with AD (Shankar et al., 2008). 

Electrophysiological recording and analysis of spontaneous excitatory postsynaptic 

currents (sEPCs) and mEPSCs 

The 18-DIV hippocampal neurons seeded on each coverslip were transferred to the 

recording chamber. The chamber was continuously perfused (1 ml/min) with 

extracellular solution containing (mM) 140 NaCl, 2.5 KCl, 2 CaCl2, 1 MgCl2, 10 

HEPES, and 15 D-glucose (pH = 7.4), and the osmolarity was 280–300 mOsm/kg. In 

addition, the cultures were exposed to 10 µM TTX to selectively block the voltage-

dependent Na+ channels, and in this way, the release of unique quanta/packages at 

individual sites was isolated, independent of the action potentials, allowing the 

separation of the spontaneous mEPSCs from the sEPSCs and the evaluation of only 

chemical synapses (Arancio et al., 1995; Jonas et al., 1993; Wall & Usowicz, 1998). As 

a control, spontaneous mEPSCs from hippocampal neurons were recorded for 10 min in 

a recording chamber with continuous perfusion of extracellular solution, while the 

spontaneous mEPSCs of hippocampal neurons with Aβo were washed and recorded 
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immediately after exposure under the same conditions that the control neurons were 

under. 

The micropipettes for recording were polished with a vertical P-30 puller (Sutter 

Instrument) from nonheparinized hematocrit capillaries and filled with intracellular 

solution containing (mM) 120 K-gluconate, 20 KCl, 1 CaCl2, 2 MgCl2, 10 EGTA, 10 

HEPES, 4 Mg-ATP, 0.3 Na-GTP, 5 tetraethylammonium chloride (TEA) (pH = 7.2), 

with osmolarity 270 mOsm/kg, to obtain a final resistance of 4-6 MΩ. The potential was 

compensated with the micropipette in the extracellular bath solution. Using an MP-85 

micromanipulator (Sutter Instrument), we advanced the micropipette (Figure 1B), 

maintaining positive pressure until we observed a slight deformation of the soma of the 

hippocampal neuron and the corresponding change in the signal of the neuron of interest 

(neurons between 10-20 µm and establishing a certain number of synapses). Then, a 

mild negative pressure was exerted to form a high-resistance seal reaching the cell-

attached configuration, and finally, the cell membrane was broken, and the whole-cell 

configuration was achieved with <15 MΩ and ~80 pF (Hamill et al. al., 1981). The 

resistance in series was monitored throughout each experiment and was typically 10-15 

MΩ. The records with series resistance >15 MΩ and those whose series resistance 

changed throughout the experiment were not taken into account for the analysis. The 

spontaneous mEPSCs isolated with TTX were recorded in whole-cell mode at a 

sustained voltage of -60 mV, following the recording protocol of spontaneous mEPSCs 

(Scanziani et al., 1992; Tyler & Pozzo, 2003; Coombs & Soto., 2016). The signals were 

acquired using an Axopatch 1550B amplifier (Molecular Devices, Sunnyvale, CA, 

USA), filtered with a 2-kHz low-pass filter and digitized at 10 kHz with an A/D 

converter (Digidata 1550B, Molecular Devices). 

The records obtained from the sEPSCs and mEPSCs were analyzed offline with 

pCLAMP 10 and OriginLab Pro 2015 software. The events were detected manually 

using an adjustable amplitude threshold of 10-20 pA. Only the deflections higher than 

the threshold were accepted as events. In this way, only the events with a fast upload 

time were accepted, and slow events were rejected. Once the spontaneous mEPSC 

events were obtained, the average amplitude, the average spontaneous firing frequency, 

the average tau of the repolarization of the input current, and the firing pattern of these 

spontaneous mEPSCs were analyzed by calculating the interspike interval (ISI) and the 

coefficient of variation (CV), which was calculated by dividing the standard deviation 
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(SD) of the ISI by the average of the ISI (Taube, 2010) under control conditions and 

under Aβo treatment. 

A total of 300 tests were performed, of which five were selected per treatment, since 

most of these tests were part of the process of standardizing the primary culture 

conditions and the recording conditions of the spontaneous sEPSCs and mEPSCs. After 

each electrophysiological experiment, the chamber was washed with Milli-Q water at 24 

°C before starting a new recording. 

Statistical analysis 

The Shapiro-Wilk test revealed whether the amplitudes and frequencies of the control 

and Aβo mEPSCs were normally distributed. The differences between the treatments 

were analyzed with the unpaired Student’s t-test with the Clampfit module of 

pCLAMP10 software and the SPSS statistical package. A value of p< 0.05 was 

considered significant. All data will be presented as the mean ± standard error of the 

mean. 

Results 

The average amplitude of spontaneous mEPSCs is significantly higher in neurons 

with Aβo than in control neurons 

The representative records of the spontaneous mEPSCs recorded for 10 min show the 

differences in the amplitude of the spontaneous mEPSCs in the cells treated with Aβo 

(Figures 2A and 2B). The mean amplitude of spontaneous mEPSCs increased from 

68.64 ± 16.87 pA in control neurons (n = 5) to -122.45 ± 65.62 pA in neurons with Aβo 

(n = 5) (p = 0.04; Figure 2C). 

The firing pattern of hippocampal neurons is changed by Aβo 

Representative records of spontaneous mEPSCs showed differences in discharge 

patterns between control hippocampal neurons and those treated with Aβo (Figures 3A 

and 3B). Figure 3C shows continuous, vertically distributed scans of 60 s duration of 

uninterrupted discharges in the spontaneous mEPSCs of a control neuron. Figure 3D 

shows continuous, vertically distributed sweeps of 60 s duration of periods of silence 

between bursts of spontaneous mEPSCs of a neuron treated with Aβo. The ISI shows 

that the firing pattern of the control hippocampal neurons was regular and uninterrupted, 
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but it became regular and interrupted in neurons with Aβo (Figure 3E). The long 

triangular peaks in red in the lower panel of Figure 3E correspond to periods of silence 

(down states) in the neurons with Aβo compared to the regular line, and they continue 

in black, which indicates an uninterrupted firing of the control neuron. The CV for 

control neurons was < 0.5, while neurons with Aβo had a CV > 0.5 (Figures 3E and 3F; 

p < 0.05). Finally, it was found that the neurons with Aβo presented interburst interval 

values of 2 to 3 s, ISI values within each burst of 0.2 to 0.5 s, and interburst frequency 

of 2 to 4 spikes/s. 

Aβo does not affect tau or the average firing frequency of spontaneous mEPSCs 

Representative records of spontaneous mEPSCs from control and treated neurons show 

that the repolarization tau differed between the two types of neurons (Figures 4A and 

4B). However, Figure 4C shows that the average tau of repolarization of the input 

current of control neurons was 0.93 ± 0.1 ms (n = 5) and of neurons with Aβo 1.2 ± 0.46 

ms (n = 5) (p > 0.05). Moreover, the frequency of spontaneous firing of the mEPSCs 

was similar in control neurons vs. neurons with Aβo (1.77 ± 0.34 spikes/s (n = 5) vs. 

1.64 ± 0.23 spikes/s (n = 5) (p > 0.05). 

Discussion 

Exposure of 18-DIV hippocampal neurons to Aβo significantly increased the amplitude 

of spontaneous mEPSCs, indicating postsynaptic alterations, and changed the firing 

pattern of spontaneous mEPSCs from continuous to bursts, indicating alterations in the 

integration and coding of electrical information. 

The amplitude of spontaneous mEPSCs has often been related to the behavior and 

expression of postsynaptic receptors (Korn et al., 1993), as well as to the packaging of 

the neurotransmitter in the vesicles and their synchronous release (Van der Kloot, 

1991). Here, we found that the amplitude of spontaneous mEPSCs increased in 

hippocampal neurons treated with Aβo at 18 DIV (Figure 2C). These findings are 

consistent with the chronic activation of NMDARs (Danysz & Parsons, 2003), the 

increase in the expression of L- and T-type voltage-gated Ca2+ channels (VGCCs) 

(Schampel & Kuerten, 2017), the increase in the expression and activity of InsP3R and 

RyR Ca2+ receptors (Stutzmann et al., 2006; Del Prete et al., 2014; Tong et al., 2018), 

and the formation of pores in the plasma membrane that allow the flow of Ca2+ ions 

(Zhu et al., 2000) reported under Aβ-accumulation conditions in different AD models. 
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This entry of Ca2+ via NMDARs and VGCCs, added to the intracellular release of 

Ca2+ via InsP3Rs and RyRs, results in an increase in the intracellular concentration of 

Ca2+, which would explain the increase found in the amplitude of spontaneous 

mEPSCs under exposure to Aβo. This is consistent with the cellular mechanisms behind 

the deterioration of LTP (Puzzo et al., 2017; Zhao et al., 2010; Walsh et al., 2002) and 

the facilitation of LTD (O'Riordan et al., 2018; Shankar et al., 2007; Hsieh et al., 2006) 

reported in AD and with the key role that the L- and T-type VGCCs play in the 

regulation of neuronal excitability and spontaneous synaptic transmission (Tong et al., 

2018). However, our results are inconsistent with the internalization of AMPARs in 

primary cultures of human neurons after the application of Aβ (Zhang et al., 2018) and 

the weakening of AMPA currents found in mice that express amyloid precursor protein 

(Almeida et al., 2005; Hsia et al., 1999). These discrepancies may be due to differences 

in the stages of AD evaluated. In this study, we evaluated the initial stage of AD, right 

when the accumulation of Aβo begins, in which there is an initial overstimulation of 

NMDARs and AMPARs (Danysz et al., 2012) followed by their internalization (Zhang 

et al., 2018; Querfurth & Laferla, 2010; Zhao et al., 2010). We propose that under Aβo 

conditions, the amplitude of spontaneous mEPSCs increases as a consequence of the 

extreme increase in intracellular Ca2+, which translates into an overloaded and unstable 

environment that prevents effective neurotransmission. 

On the other hand, neurons also modulate synaptic efficiency, integration, and coding of 

information through changes in their firing patterns (Brumberg et al., 2000). Here, we 

found that the firing pattern of spontaneous mEPSCs in hippocampal neurons changed 

from continuous under control conditions (Figure 3C) to a burst firing pattern under 

conditions with Aβo (Figure 3D), and the results were corroborated by both the ISI and 

CV values (Figure 3E and 3F). Earlier evidence indicates that the duration of the burst, 

the number of spikes per burst, or their frequency represents forms of information 

coding (Harris et al., 2001; Kepecs et al., 2002). Thus, the burst firing pattern observed 

in hippocampal neurons under Aβo conditions represents a clear change in the way 

these cells encode information. This firing pattern is regulated by neuronal feedback 

processes such as afterhyperpolarization (AHP), which depends on the activity of high-

conductance Ca2+-activated (BK) K+ channels, and by voltage-dependent K+ channels, 

which define the duration of the AP and the refractory time window for the emission of 

a new one (El Dum et al., 2015; Sah & Faber, 2002). These observations are consistent 
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with the dysregulation of AHP reported in brain pathologies such as epilepsy and 

cognitive decline (Moyer et al., 1992; Behr et al., 2000; Rundén-Pran et al., 2002; 

Chakroborty et al., 2012), as well as with the change from a continuous firing pattern to 

a burst firing pattern related to the increase in the activity of T-type VGCCs in both 

hippocampal and thalamocortical neurons in many neurological disorders (Beck and 

Yaari, 2008; Cheong et al., 2008; Graef et al., 2009). This change in the firing pattern 

from continuous under control conditions to burst firing in Aβo conditions indicated 

that the presence of Aβo causes an increase in AHP, which may be mediated by the 

activation of BK channels, whose activity is increased under extremely high 

accumulation of intracellular calcium, which acts as an "emergency brake" to protect 

the cell against hyperactivity, as occurs in pathological conditions (Hu et al., 2001; 

Rundén-Pran et al., 2002; Chakroborty et al., 2012), thus resulting in important 

alterations in the integration and coding of information in the early stages of AD. 

The spontaneous frequency has generally been related to presynaptic elements such as 

the probability of neurotransmitter release, the number of active zones, and the number 

of packed vesicles per active zone (Auger & Marty, 2000; Oertner & Svoboda, 2002; 

Fatt & Katz, 1952). Here, we found that the presence of Aβo did not affect the average 

tau of repolarization of the input current (Figure 4C) or the average frequency of 

spontaneous firing of the mEPSCs (Figure 4D), which indicates that the probability of 

neurotransmitter release and the number of active zones and packed vesicles are not 

significantly altered in the early stages of AD. However, recent studies report an 

increase in the expression of small-conductance Ca2+-activated K+ (SK) channels as a 

possible explanation for the deterioration of LTP (Faber & Sah, 2007; McKay et al., 

2012), which would explain the tendency of neurons with Aβo to have a higher average 

tau of repolarization and average frequency of spontaneous firing. However, these 

results contradict the increase in the probability of spontaneous release in response to 

the overexpression of the RyRs related to the deterioration of the processes of synaptic 

plasticity during AD (Sajikumar et al., 2009) and to the increase in activity of L- and T-

type VGCCs, which are important in the regulation of spontaneous neurotransmission, 

as a consequence of the accumulation of Aβ reported in AD (Tong et al., 2018). These 

discrepancies could be because during the time window evaluated, there are not yet any 

evident effects on the presynaptic elements. 
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Although the in vitro model used in this study does not recreate all the processes 

involved in AD in humans, it does facilitate the application of Aβo and the evaluation of 

its specific effects on synapses in hippocampal neurons in early stages of AD. In this 

way, the use of the patch-clamp technique on an in vitro model of Aβo exposure in 

primary culture of hippocampal neurons represents a methodological advance in the 

study of the first effects of Aβo accumulation on spontaneous synaptic transmission just 

before neurodegeneration. A possible shortcoming of these findings is that in vitro 

neuronal activity may provide little information about in vivo neuronal activity. 

However, some studies have suggested that cultured neurons generate patterns of 

spontaneous activity much more similar to the in vivo activity than do organotypic 

slices (Tu et al., 2014). Primary culture allows much more detailed monitoring of the 

activity for several days in vitro (Corner & Ramarkers, 1991; Ramakers et al., 1990; 

Rutherford et al., 1998; Turrigiano et al., 1998) and evaluation of the effects specific to 

Aβo on synaptic transmission. 

Although our results on the amplitude, spontaneous firing frequency, and firing pattern 

of spontaneous mEPSCs allow us to infer some of the effects of Aβo on the molecular 

mechanisms that occur in the presynaptic and postsynaptic elements of embryonic 

hippocampal cells, detailed studies in in vitro or in vivo models at different stages of 

disease development are still needed. Studies should be designed that will allow us to 

determine whether the spontaneous mEPSCs recorded are the result of the entry of 

Ca2+ through ionotropic receptors or VGCCs or, on the contrary, result from the release 

of intracellular Ca2+ from the ER through RyR or InsP3R receptors. To understand the 

molecular mechanisms that manifest from the start of the accumulation of Aβo up to the 

induction of neurodegeneration in AD, it is necessary to complement such 

electrophysiological studies with biochemical studies to quantify processes of oxidative 

stress and characterize the communication between mitochondria and endoplasmic 

reticulum, such as by evaluating the activity of the antioxidant enzymes superoxide 

dismutase, catalase, and glutathione peroxidase. 

Conclusion 

Taken together, the findings presented here provide evidence to fill in some of the 

missing pieces in the series of events involving presynaptic and postsynaptic elements 

in hippocampal neurons in the early stages of AD. We have identified that the presence 
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of Aβo affects postsynaptic elements and the coding of information in hippocampal 

neurons. Thus, during the early stages of the development of AD, there is an increase in 

the amplitude of the spontaneous mEPSCs and a change in the firing pattern from 

continuous to bursts, alterations that indicate the entry of Ca2+ through T- and L-type 

VGCCs, the release of Ca2+ from the endoplasmic reticulum through the RyRs 

InsP3Rs, and/or the output of K+ through BK and SK channels. These alterations result 

in a dysfunctional environment that prevents the cell from maintaining optimal synaptic 

transmission and could have consequences on the processes that are key to synaptic 

plasticity in memory and learning. These findings will allow us to characterize the 

spontaneous synaptic activity of hippocampal neurons in the initial stages of AD, 

contributing to the basic knowledge of the pathophysiology of the disease and opening 

the therapeutic perspective to new targets that will allow the restoration of synaptic 

function in the initial stages of the disease and slow down both cognitive impairment 

and neurodegeneration. 

Acknowledgements 

We are grateful to Dr. John Sutachan Rubio (Research Group in Experimental and 

Computational Biochemistry, Pontificia Universidad Javeriana) for supplying us with 

the hippocampal tissue,  advising us on perform the primary cultures, making a critical 

reading of the article and to give significant contributions to the discussion; Dra. Sonia 

Luz Albarracin Cordero (Research Group in experimental and computational 

biochemistry, Pontificia Universidad Javeriana) for supporting us at a critical moment 

in the research, Ph.D. student Aura Rengifo (Cell morphology group, Instituto Nacional 

de Salud) for providing a timely and precise solution to many of the problems that arose 

during the execution of the experiments and Dr. Jorge Molina (Department of Biology, 

Universidad de Los Andes) for making a critical reading of the document and to give 

significant contributions for the statistical treatment of the data and the writing of the 

document. This work was funded by the Semilla Project 2019-II of the Department of 

Biological Sciences of the Universidad de los Andes. 

 

 

 



 

81 
 

Abbreviations 

Aß, beta amyloid 

Aßo, Aß oligomers 
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PKA, cAMP-dependent protein kinase 

RE, Endoplasmic reticulum 
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sEPSCs, spontaneous postsynaptic excitatory currents 

SK, calcium-activated low-conductance potassium channels 

TTX, tetrodotoxin 

VGCC, voltage activated calcium channels 



 

82 
 

 

Referencias 

Adelman, J. P., Maylie, J., & Sah, P. (2012).  Small-Conductance Ca 2+ -Activated K + Channels: Form and function. Annual Review of 

Physiology, 74(1), 245–269. doi: 10.1146/annurev-physiol-020911-153336 

Almeida, C. G., Tampellini, D., Takahashi, R. H., Greengard, P., Lin, M. T., Snyder, E. M., & Gouras, G. K. (2005). Beta-amyloid 
accumulation in APP mutant neurons reduces PSD-95 and GluR1 in synapses. Neurobiology of Disease, 20(2), 187–198. doi:  

10.1016/j.nbd.2005.02.008 

Arancio, O., Kandel, E. R., & Hawkins, R. D. (1995). Activity-dependent long-term enhancement of transmitter release by presynaptic 3′,5′-
cyclic GMP in cultured hippocampal neurons. Nature, 376(6535), 74–80. doi:10.1038/376074a0 

Arias-Cavieres, A., Barrientos, G. C., Sánchez, G., Elgueta, C., Muñoz, P., Hidalgo, C., Kumar, A. (2018). Ryanodine Receptor-Mediated 
Calcium Release Has a Key Role in Hippocampal LTD Induction. Frontiers in Cellular Neuroscience. doi: 

10.3389/fncel.2018.00403 

Auger, C., & Marty, A. (2000, July 1). Quantal currents at single-site central synapses. Journal of Physiology. Cambridge University Press. doi: 
10.1111/j.1469-7793. 2000.t01-3-00003. 

Canas, P. M., Simões, A. P., Rodrigues, R. J., & Cunha, R. A. (2014). Predominant loss of glutamatergic terminal markers in a β-amyloid 

peptide model of Alzheimer’s disease. Neuropharmacology, 76(PART A), 51–56. doi:  10.1016/j.neuropharm.2013.08.026 

Carter, A. G., & Regehr, W. G. (2000). Prolonged synaptic currents and glutamate spillover at the parallel fiber to stellate cell synapse. Journal 

of Neuroscience, 20(12), 4423–4434. doi: 10.1523/jneurosci.20-12-04423.2000 

Chiappalone, M., Bove, M., Vato, A., Tedesco, M., & Martinoia, S. (2006). Dissociated cortical networks show spontaneously correlated 
activity patterns during in vitro development. Brain Research, 1093(1), 41–53. doi:  10.1016/j.brainres.2006.03.049 

Chong, S. A., Benilova, I., Shaban, H., De Strooper, B., Devijver, H., Moechars, D., Callewaert, G. (2011). Synaptic dysfunction in 

hippocampus of transgenic mouse models of Alzheimer’s disease: A multi-electrode array study. Neurobiology of Disease, 44(3), 
284–291. doi:  10.1016/j.nbd.2011.07.006 

Citri, A., & Malenka, R. C. (2008, January). Synaptic plasticity: Multiple forms, functions, and mechanisms. Neuropsychopharmacology. doi: 

10.1038/sj.npp.1301559 
Corner, M. A., & Ramakers, G. J. A. (1991). Spontaneous Bioelectric Activity as Both Dependent and Independent Variable in Cortical 

Maturation: Chronic Tetrodotoxin versus Picrotoxin Effects on Spike‐Train Patterns in Developing Rat Neocortex Neurons during 

Long‐Term Culture. Annals of the New York Academy of Sciences, 627(1), 349–353. doi: 10.1111/j.1749-6632. 1991.tb25937.x 
Danysz, W., & Parsons, C. G. (2003). The NMDA receptor antagonist memantine as a symptomatological and neuroprotective treatment for 

Alzheimer’s disease: Preclinical evidence. In International Journal of Geriatric Psychiatry (Vol. 18, pp. S23-32). doi: 

10.1002/gps.938 
De Gois, S., Schäfer, M. K. H., Defamie, N., Chen, C., Ricci, A., Weihe, E., … Erickson, J. D. (2005). Homeostatic scaling of vesicular 

glutamate and GABA transporter expression in rat neocortical circuits. Journal of Neuroscience, 25(31), 7121–7133. doi: 

10.1523/JNEUROSCI.5221-04.2005 
Del Prete, D., Checler, F., & Chami, M. (2014, June 5). Ryanodine receptors: Physiological function and deregulation in Alzheimer disease. 

Molecular Neurodegeneration. BioMed Central Ltd. doi: 10.1186/1750-1326-9-21 

Demuro, A., & Parker, I. (2013). Cytotoxicity of intracellular Aβ42 amyloid oligomers involves Ca2+ release from the endoplasmic reticulum 
by stimulated production of inositol trisphosphate. Journal of Neuroscience, 33(9), 3824–3833. doi: 10.1523/JNEUROSCI.4367-

12.2013 

Dudek, S. M., & Bear, M. F. (1993). Bidirectional long-term modification of synaptic effectiveness in the adult and immature hippocampus. 
The Journal of Neuroscience: The Official Journal of the Society for Neuroscience, 13(7), 2910–2918. doi: 10.1038/305719a0 

Echegoyen, J., Neu, A., Graber, K. D., & Soltesz, I. (2007). Homeostatic plasticity studies using in vivo hippocampal activity-blockade: 

Synaptic scaling, intrinsic plasticity and age-dependence. PLoS ONE, 2(8), e700. doi: 10.1371/journal.pone.0000700 
Ehlers, M. D. (2007, September 6). Secrets of the Secretory Pathway in Dendrite Growth. Neuron. doi: 10.1016/j.neuron.2007.08.009 

Esposito, Z., Belli, L., Toniolo, S., Sancesario, G., Bianconi, C., & Martorana, A. (2013, August). Amyloid β, glutamate, excitotoxicity in 

alzheimer’s disease: Are we on the right track? CNS Neuroscience and Therapeutics. doi: 10.1111/cns.12095 
Farrant, M., & Nusser, Z. (2005, March). Variations on an inhibitory theme: Phasic and tonic activation of GABA A receptors. Nature Reviews 

Neuroscience. doi: 10.1038/nrn1625 

Fatt, P., & Katz, B. (1952). Spontaneous subthreshold activity at motor nerve endings. The Journal of Physiology, 117(1), 109–128. doi: 
10.1113/jphysiol. 1952.sp004735 

 

French, C. R., Sah, P., Bucketr, K. J., & Gage, P. W. (1990). A Voltage-dependent persistent sodium current in mammalian hippocampal 
neurons. Journal of General Physiology, 95(6), 1139–1157. doi: 10.1085/jgp.95.6.1139 

Gomperts, S. N., Carroll, R., Malenka, R. C., & Nicoll, R. A. (2000). Distinct roles for ionotropic and metabotropic glutamate receptors in the 

maturation of excitatory synapses. Journal of Neuroscience, 20(6), 2229–2237. doi: 10.1523/jneurosci.20-06-02229.2000 

Hanson, M. G., & Landmesser, L. T. (2006). Increasing the frequency of spontaneous rhythmic activity disrupts pool-specific axon 

fasciculation and pathfinding of embryonic spinal motoneurons. Journal of Neuroscience, 26(49), 12769–12780. doi: 

10.1523/JNEUROSCI.4170-06.2006 
Hardingham, G. E., Fukunaga, Y., & Bading, H. (2002). Extrasynaptic NMDARs oppose synaptic NMDARs by triggering CREB shut-off and 

cell death pathways. Nature Neuroscience, 5(5), 405–414. doi: 10.1038/nn835 

Hascup, E. R., Broderick, S. O., Russell, M. K., Fang, Y., Bartke, A., Boger, H. A., & Hascup, K. N. (2019). Diet-induced insulin resistance 
elevates hippocampal glutamate as well as VGLUT1 and GFAP expression in AβPP/PS1 mice. Journal of Neurochemistry, 148(2), 

219–237. doi: 10.1111/jnc.14634 
Hsia, A. Y., Masliah, E., Mcconlogue, L., Yu, G. Q., Tatsuno, G., Hu, K., … Mucke, L. (1999). Plaque-independent disruption of neural 

circuits in Alzheimer’s disease mouse models. Proceedings of the National Academy of Sciences of the United States of America, 

96(6), 3228–3233. doi: 10.1073/pnas.96.6.3228 
Hsieh, H., Boehm, J., Sato, C., Iwatsubo, T., Tomita, T., Sisodia, S., & Malinow, R. (2006). AMPAR Removal Underlies Aβ-Induced Synaptic 

Depression and Dendritic Spine Loss. Neuron, 52(5), 831–843. doi: 10.1016/j.neuron.2006.10.035 

Hu, H., Shao, L. R., Chavoshy, S., Gu, N., Trieb, M., Behrens, R., Storm, J. F. (2001). Presynaptic Ca2+-activated K+channels in 
glutamatergic hippocampal terminals and their role in spike repolarization and regulation of transmitter release. Journal of 

Neuroscience, 21(24), 9585–9597. doi: 10.1523/jneurosci.21-24-09585.2001 



 

83 
 

Huupponen, J., Molchanova, S. M., Taira, T., & Lauri, S. E. (2007). Susceptibility for homeostatic plasticity is down-regulated in parallel with 

maturation of the rat hippocampal synaptic circuitry. Journal of Physiology, 581(2), 505–514. doi: 10.1113/jphysiol.2007.130062 
Ishikawa, T., Nakamura, Y., Saitoh, N., Li, W. Bin, Iwasaki, S., & Takahashi, T. (2003). Distinct Roles of Kv1 and Kv3 Potassium Channels at 

the Calyx of Held Presynaptic Terminal. Journal of Neuroscience, 23(32), 10445–10453. doi: 10.1523/jneurosci.23-32-10445.2003 

Jonas, P., Major, G., & Sakmann, B. (1993). Quantal components of unitary EPSCs at the mossy fibre synapse on CA3 pyramidal cells of rat 
hippocampus. The Journal of Physiology, 472(1), 615–663. doi: 10.1113/jphysiol. 1993.sp019965 

Kashani, A., Lepicard, È., Poirel, O., Videau, C., David, J. P., Fallet-Bianco, C., … El Mestikawy, S. (2008). Loss of VGLUT1 and VGLUT2 

in the prefrontal cortex is correlated with cognitive decline in Alzheimer disease. Neurobiology of Aging, 29(11), 1619–1630. doi: 
10.1016/j.neurobiolaging.2007.04.010 

Kelliher, M., Fastbom, J., Cowburn, R. F., Bonkale, W., Ohm, T. G., Ravid, R., … O’Neill, C. (1999). Alterations in the ryanodine receptor 

calcium release channel correlate with Alzheimer’s disease neurofibrillary and beta-amyloid pathologies. Neuroscience, 92(2), 499–
513. doi: 10.1016/s0306-4522(99)00042-1 

Knobloch, M., Farinelli, M., Konietzko, U., Nitsch, R. M., & Mansuy, I. M. (2007). A Oligomer-Mediated Long-Term Potentiation Impairment 

Involves Protein Phosphatase 1-Dependent Mechanisms. Journal of Neuroscience, 27(29), 7648–7653. doi: 
10.1523/JNEUROSCI.0395-07.2007 

Kombian, S. B., Hirasawa, M., Mouginot, D., Chen, X., & Pittman, Q. J. (2000). Short-term potentiation of miniature excitatory synaptic 

currents causes excitation of supraoptic neurons. Journal of Neurophysiology, 83(5), 2542–2553. doi: 10.1152/jn.2000.83.5.2542 
Korn, H., Bausela, F., Charpier, S., & Faber, D. S. (1993). Synaptic noise and multiquantal release at dendritic synapses. Journal of 

Neurophysiology, 70(3), 1249–1254. doi: 10.1152/jn.1993.70.3.1249 

LaFerla, F. M. (2002). Calcium dyshomeostasis and intracellular signalling in alzheimer’s disease. Nature Reviews Neuroscience, 3(11), 862–

872. doi: 10.1038/nrn960 

Li, S., Hong, S., Shepardson, N. E., Walsh, D. M., Shankar, G. M., & Selkoe, D. (2009). Soluble Oligomers of Amyloid β Protein Facilitate 

Hippocampal Long-Term Depression by Disrupting Neuronal Glutamate Uptake. Neuron. doi: 10.1016/j.neuron.2009.05.012 
Malenka, R. C., & Bear, M. F. (2004). LTP and LTD: An embarrassment of riches. Neuron, 44(1), 5–21. doi: 10.1016/j.neuron.2004.09.012 

Mann, D. M. A., Iwatsubo, T., & Snowden, J. S. (1996). Atypical amyloid (Aβ) deposition in the cerebellum in Alzheimer’s disease: An 

immunohistochemical study using end-specific Aβ monoclonal antibodies. Acta Neuropathologica, 91(6), 647–653. doi: 
10.1007/s004010050479 

 

Mattson, M. P., Cheng, B., Culwell, A. R., Esch, F. S., Lieberburg, I., & Rydel, R. E. (1993). Evidence for excitoprotective and intraneuronal 
calcium-regulating roles for secreted forms of the β-amyloid precursor protein. Neuron, 10(2), 243–254. doi: 10.1016/0896-

6273(93)90315-I 

McGlade-Mcculloh, E., Yamamoto, H., Tan, S. E., Brickey, D. A., & Soderling, T. R. (1993). Phosphorylation and regulation of glutamate 
receptors by calcium/calmodulin-dependent protein kinase II. Nature, 362(6421), 640–642. doi: 10.1038/362640a0 

McKay, B. M., Matthew Oh, M., Galvez, R., Burgdorf, J., Kroes, R. A., Weiss, C., … Disterhoft, J. F. (2012). Increasing SK2 channel activity 

impairs associative learning. Journal of Neurophysiology, 108(3), 863–870. doi: 10.1152/jn.00025.2012 
McKinney, R. A., Capogna, M., Dürr, R., Gähwiler, B. H., & Thompson, S. M. (1999). Miniature synaptic events maintain dendritic spines via 

AMPA receptor activation. Nature Neuroscience, 2(1), 44–49. doi: 10.1038/4548 

Megill, A., Tran, T., Eldred, K., Lee, N. J., Wong, P. C., Hoe, H. S., … Lee, H. K. (2015). Defective age-dependent metaplasticity in a mouse 
model of alzheimer’s disease. Journal of Neuroscience, 35(32), 11346–11357. doi: 10.1523/JNEUROSCI.5289-14.2015 

Mohrmann, R., Lessmann, V., & Gottmann, K. (2003). Developmental maturation of synaptic vesicle cycling as a distinctive feature of central 

glutamatergic synapses. Neuroscience, 117(1), 7–18. doi: 10.1016/s0306-4522(02)00835-7 

Mucke, L., & Selkoe, D. J. (2012). Neurotoxicity of amyloid β-protein: Synaptic and network dysfunction. Cold Spring Harbor Perspectives in 

Medicine, 2(7). doi: 10.1101/cshperspect. a006338 
Mulkey, R. M., & Malenka, R. C. (1992). Mechanisms underlying induction of homosynaptic long-term depression in area CA1 of the 

hippocampus. Neuron, 9(5), 967–975. doi: 10.1016/0896-6273(92)90248-C 

Nimmrich, V., Grimm, C., Draguhn, A., Barghorn, S., Lehmann, A., Schoemaker, H., Bruehl, C. (2008). Amyloid Oligomers (A 1-42 
Globulomer) Suppress Spontaneous Synaptic Activity by Inhibition of P/Q-Type Calcium Currents. doi: 

10.1523/JNEUROSCI.4771-07.2008 

Niu, Y., Su, Z., Zhao, C., Song, B., Zhang, X., Zhao, N., … Gong, Y. (2009). Effect of amyloid β on capacitive calcium entry in neural 2a 
cells. Brain Research Bulletin, 78(4–5), 152–157. doi: 10.1016/j.brainresbull.2008.10.003 

O’Donovan, M. J., Chub, N., & Wenner, P. (1998). Mechanisms of spontaneous activity in developing spinal networks. Journal of 

Neurobiology, 37(1), 131–145. doi: 10.1002/(SICI)1097-4695(199810)37:1<131: AID-EU10>3.0.CO;2-H 
O’Riordan, K. J., Hu, N. W., & Rowan, M. J. (2018). Physiological activation of mGlu5 receptors supports the ion channel function of NMDA 

receptors in hippocampal LTD induction in vivo. Scientific Reports, 8(1). doi: 10.1038/s41598-018-22768-x 

Obermair, G. J., Kaufmann, W. A., Knaus, H. G., & Flucher, B. E. (2003). The small conductance Ca2+-activated K+ channel SK3 is localized 
in nerve terminals of excitatory synapses of cultured mouse hippocampal neurons. European Journal of Neuroscience, 17(4), 721–

731. doi: 10.1046/j.1460-9568.2003. 02488.x 

Oertner, T. G., & Svoboda, K. (2002, September 1). Subliminal messages in hippocampal pyramidal cells. Journal of Physiology. doi: 
10.1113/jphysiol.2002.023606 

Palmer, A. M., Francis, P. T., Benton, J. S., Sims, N. R., Mann, D. M. A., Neary, D., … Bowen, D. M. (1987). Presynaptic Serotonergic 

Dysfunction in Patients with Alzheimer’s Disease. Journal of Neurochemistry, 48(1), 8–15. doi: 10.1111/j.1471-4159. 
1987.tb13120.x 

Palop, J. J., & Mucke, L. (2010, July). Amyloid-Β-induced neuronal dysfunction in Alzheimer’s disease: From synapses toward neural 

networks. Nature Neuroscience. doi: 10.1038/nn.2583 
Parameshwaran, K., Sims, C., Kanju, P., Vaithianathan, T., Shonesy, B. C., Dhanasekaran, M., … Suppiramaniam, V. (2007). Amyloid β-

peptide Aβ1-42 but not Aβ 1-40 attenuates synaptic AMPA receptor function. Synapse, 61(6), 367–374. doi: 10.1002/syn.20386 

Puzzo, D., Piacentini, R., Fá, M., Gulisano, W., Li Puma, D. D., Staniszewski, A., … Arancio, O. (2017). LTP and memory impairment caused 
by extracellular Aβ and tau oligomers is APP- dependent. ELife, 6. doi: 10.7554/eLife.26991.001 

Querfurth, H. W., & Laferla, F. M. (2010). Alzheimer’s Disease, 329–344. 

Raffaelli, G., Saviane, C., Mohajerani, M. H., Pedarzani, P., & Cherubini, E. (2004). BK potassium channels control transmitter release at 
CA3-CA3 synapses in the rat hippocampus. Journal of Physiology, 557(1), 147–157. doi: 10.1113/jphysiol.2004.062661 

Ramakers, G. J., Corner, M. A., & Habets, A. M. (1990). Development in the absence of spontaneous bioelectric activity results in increased 

stereotyped burst firing in cultures of dissociated cerebral cortex. Experimental Brain Research, 79(1), 157–166. doi: 
10.1007/bf00228885 

Raymond, L. A., Blackstone, C. D., & Huganir, R. L. (1993). Phosphorylation and modulation of recombinant GluR6 glutamate receptors by 

cAMP-dependent protein kinase. Nature, 361(6413), 637–641. doi: 10.1038/361637a0 



 

84 
 

Rodriguez-Perdigon, M., Tordera, R. M., Gil-Bea, F. J., Gerenu, G., Ramirez, M. J., & Solas, M. (2016). Down-regulation of glutamatergic 

terminals (VGLUT1) driven by Aβ in Alzheimer’s disease. Hippocampus, 26(10), 1303–1312. doi: 10.1002/hipo.22607 
Roher, A. E., Lowenson, J. D., Clarke, S., Wolkow, C., Wang, R., Cotter, R. J., Greenberg, B. D. (1993). Structural alterations in the peptide 

backbone of β-amyloid core protein may account for its deposition and stability in Alzheimer’s disease. Journal of Biological 

Chemistry, 268(5), 3072–3083 
Rundén-Pran, E., Haug, F. M., Storm, J. F., & Ottersen, O. P. (2002). BK channel activity determines the extent of cell degeneration after 

oxygen and glucose deprivation: A study in organotypical hippocampal slice cultures. Neuroscience, 112(2), 277–288. doi: 

10.1016/S0306-4522(02)00092-1 
Rutherford, L. C., Nelson, S. B., & Turrigiano, G. G. (1998). BDNF has opposite effects on the quantal amplitude of pyramidal neuron and 

interneuron excitatory synapses. Neuron, 21(3), 521–530. doi: 10.1016/s0896-6273(00)80563-2 

Satoh, Y., Hirakura, Y., Shibayama, S., Hirashima, N., Suzuki, T., & Kirino, Y. (2001). Beta-amyloid peptides inhibit acetylcholine release 
from cholinergic presynaptic nerve endings isolated from an electric ray. Neuroscience Letters, 302(2–3), 97–100. doi: 

10.1016/s0304-3940(01)01665-2 

Scanziani, M., Capogna, M., Gähwiler, B. H., & Thompson, S. M. (1992). Presynaptic inhibition of miniature excitatory synaptic currents by 
baclofen and adenosine in the hippocampus. Neuron, 9(5), 919–927. doi: 10.1016/0896-6273(92)90244-8 

Schampel, A., & Kuerten, S. (2017). Danger: High Voltage—The Role of Voltage-Gated Calcium Channels in Central Nervous System 

Pathology. Cells, 6(4), 43. doi: 10.3390/cells6040043 
Shankar, G. M., Bloodgood, B. L., Townsend, M., Walsh, D. M., Selkoe, D. J., & Sabatini, B. L. (2007). Natural Oligomers of the Alzheimer 

Amyloid-  Protein Induce Reversible Synapse Loss by Modulating an NMDA-Type Glutamate Receptor-Dependent Signaling 

Pathway. Journal of Neuroscience, 27(11), 2866–2875. doi: 10.1523/JNEUROSCI.4970-06.2007 

Sokolow, S., Luu, S. H., Nandy, K., Miller, C. A., Vinters, H. V, Poon, W. W., & Gylys, K. H. (2012). Preferential accumulation of amyloid-

beta in presynaptic glutamatergic terminals (VGluT1 and VGluT2) in Alzheimer’s disease cortex. Neurobiology of Disease, 45(1), 

381–387. doi: 10.1016/j.nbd.2011.08.027 
Spitzer, N. C. (1995). Spontaneous activity: functions of calcium transients in neuronal differentiation. Perspectives on Developmental 

Neurobiology, 2(4), 379–386.  

Stutzmann, G. E., Smith, I., Caccamo, A., Oddo, S., LaFerla, F. M., & Parker, I. (2006). Enhanced ryanodine receptor recruitment contributes 
to Ca2+ disruptions in young, adult, and aged Alzheimer’s disease mice. Journal of Neuroscience, 26(19), 5180–5189. doi: 

10.1523/JNEUROSCI.0739-06.2006 

Sutton, M. A., Ito, H. T., Cressy, P., Kempf, C., Woo, J. C., & Schuman, E. M. (2006). Miniature Neurotransmission Stabilizes Synaptic 
Function via Tonic Suppression of Local Dendritic Protein Synthesis. Cell, 125(4), 785–799. doi: 10.1016/j.cell.2006.03.040 

Sutton, M. A., & Schuman, E. M. (2006, October 6). Dendritic Protein Synthesis, Synaptic Plasticity, and Memory. Cell. doi: 

10.1016/j.cell.2006.09.014 
Sutton, M. A., Wall, N. R., Aakalu, G. N., & Schuman, E. M. (2004). Regulation of dendritic protein synthesis by miniature synaptic events. 

Science, 304(5679), 1979–1983. doi: 10.1126/science.1096202 

Tong, B. C. K., Wu, A. J., Li, M., & Cheung, K. H. (2018, November 1). Calcium signaling in Alzheimer’s disease & therapies. Biochimica et 
Biophysica Acta - Molecular Cell Research. Elsevier B.V. doi: 10.1016/j.bbamcr.2018.07.018 

Tu, S., Okamoto, S., Lipton, S. A., & Xu, H. (2014). Oligomeric Abeta-induced synaptic dysfunction in Alzheimer’s disease. Mol 

Neurodegener. doi: 10.1186/1750-1326-9-48 
Turrigiano, G. G., Leslie, K. R., Desai, N. S., Rutherford, L. C., & Nelson, S. B. (1998). Activity-dependent scaling of quantal amplitude in 

neocortical neurons. Nature, 391(6670), 892–896. doi: 10.1038/36103 

Ureshino, R. P., Erustes, A. G., Bassani, T. B., Wachilewski, P., Guarache, G. C., Nascimento, A. C., … Pereira, G. J. da S. (2019a, December 

1). The interplay between ca2+ signaling pathways and neurodegeneration. International Journal of Molecular Sciences. MDPI AG. 

doi: 10.3390/ijms20236004 
Ureshino, R. P., Erustes, A. G., Bassani, T. B., Wachilewski, P., Guarache, G. C., Nascimento, A. C., … Pereira, G. J. da S. (2019b, December 

1). The interplay between ca2+ signaling pathways and neurodegeneration. International Journal of Molecular Sciences. MDPI AG. 

doi: 10.3390/ijms20236004 
Van der Kloot, W. (1991). The regulation of quantal size. Progress in Neurobiology, 36(2), 93–130. doi: 10.1016/0301-0082(91)90019-w 

Wall, M. J., & Usowicz, M. M. (1998). Development of the quantal properties of evoked and spontaneous synaptic currents at a brain synapse. 

Nature Neuroscience, 1(8), 675–682. doi: 10.1038/3677 
Walsh, D. M., Klyubin, I., Fadeeva, J. V., Cullen, W. K., Anwyl, R., Wolfe, M. S., … Selkoe, D. J. (2002). Naturally secreted oligomers of 

amyloid β protein potently inhibit hippocampal long-term potentiation in vivo. Nature, 416(6880), 535–539. doi: 10.1038/416535a 

Wierenga, C. J., Walsh, M. F., & Turrigiano, G. G. (2006). Temporal regulation of the expression locus of homeostatic plasticity. Journal of 
Neurophysiology, 96(4), 2127–2133. doi: 10.1152/jn.00107.2006 

Wilson, N. R., Kang, J., Hueske, E. V., Leung, T., Varoqui, H., Murnick, J. G., … Liu, G. (2005). Presynaptic regulation of quantal size by the 

vesicular glutamate transporter VGLUT1. Journal of Neuroscience, 25(26), 6221–6234. doi: 10.1523/JNEUROSCI.3003-04.2005 
Yao, P. J., Zhu, M., Pyun, E. I., Brooks, A. I., Therianos, S., Meyers, V. E., & Coleman, P. D. (2003). Defects in expression of genes related to 

synaptic vesicle trafficking in frontal cortex of Alzheimer’s disease. Neurobiology of Disease, 12(2), 97–109. doi: 10.1016/S0969-

9961(02)00009-8 
Zhang, J., Yang, Y., Li, H., Cao, J., & Xu, L. (2005). Amplitude/frequency of spontaneous mEPSC correlates to the degree of long-term 

depression in the CA1 region of the hippocampal slice. Brain Research, 1050(1–2), 110–117. doi: 10.1016/j.brainres.2005.05.032 

Zhang, Y., Guo, O., Huo, Y., Wang, G., & Man, H. Y. (2018). Amyloid-β Induces AMPA Receptor Ubiquitination and Degradation in Primary 
Neurons and Human Brains of Alzheimer’s Disease. Journal of Alzheimer’s Disease: JAD, 62(4), 1789–1801. doi: 10.3233/JAD-

170879 

Zhang, Z., Liu, Y., Jiang, T., Zhou, B., An, N., Dai, H., Zhang, X. (2012). Altered spontaneous activity in Alzheimer’s disease and mild 
cognitive impairment revealed by Regional Homogeneity. NeuroImage, 59(2), 1429–1440. doi: 10.1016/j.neuroimage.2011.08.049 

Zhao, W. Q., Santini, F., Breese, R., Ross, D., Zhang, X. D., Stone, D. J., … Ray, W. J. (2010). Inhibition of calcineurin-mediated endocytosis 

and α-amino-3-hydroxy- 5-methyl-4-isoxazolepropionic acid (AMPA) receptors prevents amyloid β oligomer-induced synaptic 
disruption. Journal of Biological Chemistry, 285(10), 7619–7632. doi: 10.1074/jbc.M109.057182 

Zhu YJ, Lin H, Lal R (2000). Fresh and nonfibrillar amyloid β protein (1–40) induces rapid cellular degeneration in aged human fibroblasts: 

evidence for AβP-channel-mediated cellular toxicity. FASEB J, (14), 1244–1254. [PubMed: 10834946] 

 



 

85 
 

 

Figure 1. Hippocampal neurons obtained from E18-E19 rat embryos. (A) Primary in vitro 

culture of the cells at 18 DIV, seeded at a density of 50,000 cells per 15-mm coverslip. (B) 

Micropipette with approximation to the soma of a hippocampal neuron in the primary culture to 

record spontaneous miniature excitatory postsynaptic currents (mEPSCs) with the patch-clamp 

technique in whole-cell configuration. Bar (20 µm). 
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Figure 2. Effect on the average amplitude of spontaneous mEPSCs in hippocampal 

neurons in primary culture treated with Aβo. Representative records over 10 min showing 

the amplitude in spontaneous mEPSCs of control (A) and Aβo-treated hippocampal neurons 

(B). Upper and lower strokes show the same record on a different time scale. (C) Bar graph 

showing the significant effect of Aβo on the average amplitude of mEPSCs. 
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Figure 3. Effect on the firing pattern of spontaneous mEPSCs in hippocampal neurons in 

primary culture treated with Aβo. Trigger pattern of spontaneous mEPSCs in representative 

records of a control hippocampal cell (A) and hippocampal cell treated with Aβo (B). 

Continuous, vertically distributed scans of 60 s duration of control hippocampal cells (C) and 

cells treated with Aβo (D). (E) Graph interval between spikes (ISI) vs. elapsed time in control 

cells (black line) and cells with Aβo (red line). Note the deep transitions from top to bottom in 

the ISI in Aβo cells. (F) Comparison of the coefficient of variation (CV) in the firing patterns 

between control hippocampal cells and those treated with Aβo. 
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Figure 4. Tau of repolarization of the average current and firing frequency of mEPSCs in 

hippocampal neurons in primary cultures treated with Aβo. Trigger pattern of spontaneous 

mEPSCs in representative records of a control hippocampal cell (A) and a hippocampal cell 

treated with Aβo (B). Average spontaneous mEPSCs recorded from the soma of a hippocampal 

neuron: (A) control and (B) treated with Aβo. The red line in the average current represents the 

adjustment for tau (ms). (C) Bar graph showing the absence of a statistically significant 

difference between the mean current repolarization tau in control hippocampal cells and cells 

treated with Aβo. (D) Bar graph showing the absence of significant differences in the firing 

frequency of mEPSCs in control and Aβo-treated cells. 
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Figure 4. The suggested cellular mechanism behind the effects of Aβo on the amplitude and 

firing pattern of spontaneous mEPSCs in 18 DIV. Treatment with Aβo increases the 

amplitude of spontaneous mEPSCs, probably as a result of increased activity or expression of 

NMDAR, AMPAR, VGCC, RyR, or InsP3R, such as has been reported in AD. On the other 

hand, treatment with Aβo produces changes in the firing pattern, probably as a consequence 

of an increase in the activity of BKs and SKs channels, such as has been reported in AD. 
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General Conclusion 

In summary, through the classification, discussion, and description of the main studies 

reviewed up to 2020 related to the modifications in the cellular mechanisms of synaptic 

plasticity in the AD, as well as to healthy aging, we managed to find some of the 

cellular mechanisms shared between the healthy aging process and AD, and formulate 

possible mechanisms that make healthy aging facilitate the development of AD. 

Furthermore, we identify the large gaps established in terms of alterations at the cellular 

level during the early stages of AD. In this way, both the formulation of a method of 

electrophysiological recording of the spontaneous activity of hippocampal neurons in 

primary culture exposed to Aβo as well as the analysis of amplitude, frequency and 

firing patterns of spontaneous mEPSCs of hippocampal neurons represents a great 

advance in the understanding of the mechanisms at the presynaptic and postsynaptic 

levels in hippocampal cells in early stages of AD, processes that until now were 

unknown. Finally, we formulate possible explanations for what may be occurring at the 

cellular level regarding the probability of neurotransmitter release, RE receptor activity 

(IP3R or RyR), the activity of K2-dependent Ca2 + channels (BKs and SKs), Voltage-

dependent calcium channel activity, activity and expression of NMDAR and AMPAR. 

This knowledge opens the perspective towards new cellular therapeutic targets aimed to 

recover the normal conditions of hippocampal cells, the functionality of synapses, their 

plasticity, and finally the cognitive processes.
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Anexos (primera página de capítulos ya publicados) 

Anexo 1. First page of paper published in Reviews in Neuroscience Journal 
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