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Abstract 

Alzheimer's disease (AD) is a neurodegenerative disease for which the main histological 

hallmarks are senile plaques composed of beta-amyloid peptide (Aβ) and neurofibrillary 

tangles (NFTs) resulting from hyperphosphorylated tau. Aβ1-42 oligomers (AβO1-42) 

constitute the most synaptotoxic form of Aβ. Previous studies suggest that both 

mitochondrial and synaptic dysfunction precede Aβ and NTF deposition. Thus, the 

decline in mitochondrial function and dynamics may affect Ca2+ homeostasis, therefore, 

glutamatergic synapses and spine dynamics. The protein Src, a tyrosine kinase, is 

located in mitochondria and regulates their activity. In this study, using primary mouse 

hippocampal neuron cultures, we evaluated the role of Src in AβO1-42-induced changes 

in dendritic mitochondrial function and dynamics and the correlation with synaptic 

plasticity by evaluating spine dynamics. 

We evidenced that acute treatment with AβO1-42 affected mitochondrial movement by 

decreasing the percentage of time of mitochondria in pause, increasing the retrograde 

and anterograde movement and increasing mitochondrial switch. Interestingly, acute 

treatment with AβO1-42 promoted mitochondrial fragmentation, an effect prevented by 

pre-treatment with SU6656, a Src inhibitor, and MK-801, a selective inhibitor of N-methyl-

D-aspartate receptors (NMDAR), suggesting that Aβ–induced mitochondrial 

fragmentation occurs in a Src- and NMDAR-dependent manner. Interestingly, AβO1-42-

induced changes in mitochondrial movement and morphology were accompanied by an 

increase in mitochondrial Ca2+, also prevented by SU6656. In addition, acute and 

prolonged treatment with AβO1-42 induced a reduction in spine length and an increase in 

the width/length ratio of spines suggesting spine enlargement and maturation, prevented 

by Src inhibition. 

Altogether, data suggest that Src is a potential candidate to slow down the progression 

of AD due to its effect on mitochondrial morphology and function, rather than modulation 

of mitochondrial movement. 

 

Keywords: Alzheimer’s disease, AβO1-42, Src, Ca2+ homeostasis, dendritic spines 
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Resumo 

A doença de Alzheimer (DA) é uma doença neurodegenerativa cujas principais marcas 

histológicas são placas senis compostas pelo peptídeo beta-amilóide (Aβ) e 

emaranhados neurofibrilares (NFTs) resultantes de tau hiperfosforilada. Os oligómeros 

AβO1-42 (AβO1-42) constituem a forma mais sinaptotóxica de Aβ. Estudos anteriores 

sugerem que as disfunções mitocondrial e sináptica precedem a deposição de Aβ e 

NTF. Assim, o declínio da função e dinâmica mitocondrial pode afetar a homeostasia do 

Ca2 +, portanto, das sinapses glutamatérgicas e a dinâmica da espícula. A proteína Src, 

uma tirosina quinase, está localizada na mitocôndria e regula a sua atividade. Neste 

estudo, usando culturas primárias de neurónios de hipocampo de murganho, avaliamos 

o papel da Src nas alterações induzidas pelo AβO1-42 na função e dinâmica mitocondrial 

dendrítica e a correlação com a plasticidade sináptica avaliando a dinâmica da espícula. 

 

Evidenciamos que o tratamento agudo com AβO1-42 afetou o movimento mitocondrial, 

diminuindo a percentagem de tempo das mitocôndrias em pausa, aumentando o 

movimento retrógrado e anterógrado e aumentando switch mitocondrial. Curiosamente, 

o tratamento agudo com AβO1-42 promoveu a fragmentação mitocondrial, efeito 

prevenido pelo pré-tratamento com SU6656, um inibidor da Src, e MK-801, um inibidor 

seletivo dos receptores N-metil-D-aspartato (NMDAR), sugerindo que a fragmentação 

mitocondrial induzida pelo Aβ ocorre de maneira dependente da Src e NMDAR. 

Curiosamente, as alterações induzidas pelo AβO1-42 no movimento mitocondrial e na 

morfologia foram acompanhadas por um aumento no Ca2+ mitocondrial, também evitado 

pelo SU6656. Além disso, o tratamento agudo e prolongado com AβO1-42 induziu uma 

redução no comprimento da espícula e um aumento na proporção largura / comprimento 

das espículas, sugerindo aumento e maturação da espícula, evitado pela inibição da 

Src. 

 

De um modo geral, os dados sugerem que a Src é um potencial candidato a desacelerar 

a progressão da AD devido ao seu efeito na morfologia e função mitocondrial, ao invés 

da modulação do movimento mitocondrial. 

 

Palavras-Chave: Doença de Alzheimer, AβO1-42, Src, homeostasia do Ca2+, espículas 

dendríticas  
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1.1 Alzheimer’s Disease  

1.1.1General Features  

In 1906, Doctor Alois Alzheimer reported the autopsy results of Auguste Deter, a 55-

year-old woman, struggling with severe memory loss, disorientation, hallucinations, and 

aggressive behaviour. This was the first described case of what years later would be 

known as AD. AD is a neurodegenerative disease and one of the most common causes 

of dementia worldwide, accounting to 60% to 80% of cases and affecting 47 million 

people worldwide. In 2030 it is estimated that the population affected with AD will be 

around 74.7 million and in 2050 around 131.5 million (Du et al., 2018). Moreover, women 

present a higher susceptibility of developing the disease, which can be explained by their 

longer average lifespan and the hormonal influence (Janicki and Schupf. 2010). AD is 

characterized by a decline in a vast number of domains such as memory, language, 

personality, and behaviour (Crous-Bou et al., 2017). Mild memory impairment or mild 

cognitive impairment is commonly the first early symptom detected in AD patients (pre-

AD), frequently associated with neurodegeneration in the hippocampus, a structure 

strongly involved in memory formation (Gold, Carl A, and Andrew 2008). Spreading of 

the disease throughout the cortex and the rest of the brain, symptoms worsen (e.g. 

speaking difficulty, swallowing, and walking) and the typical life expectancy following 

diagnosis is three to nine years. Importantly, AD onset is thought to start in the brain 20 

years or more before appearing the first clinical symptoms of AD (Bateman et al., 2012), 

defined as hippocampal atrophy and memory impairment (Villemagne et al. 2010). 

Furthermore, decreases in synaptic density, activity, and function appear in the earliest 

stages of the disease, preceding neurodegeneration (Boisvert et al., 2018), although the 

molecular pathways involved are not fully understood. 

AD cases may be divided in two groups: familial forms of the disease (FAD, standing for 

‘Familial AD), also named early-onset AD (onset before 65 years of age), accounting for 

only 2 to 5% of total cases (Blennow, et al., 2006), and the non-hereditary form or 

sporadic form of AD. FAD have been associated with almost 270 mutations in three 

genes codifying for β-amyloid precursor protein (APP), presenilin-1 and presenilin-2 

(PS1, PS2) (Giau et al., 2019). Cleavage of APP through the amyloidogenic pathway 

(described in section 1.1.2) leads to the formation of β amyloid protein (Aβ), while PS1 

and PS2 are both subunits of the γ-secretases (part of the APP cleavage machinery), 

being PS1 associated with plasma membrane targeting and PS2 with trans-Golgi 

network targeting (Meckler and Checler, 2016). The causes of sporadic or late AD are 

poorly understood; however, environmental, and genetic factors have been identified as 
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major risk factors for developing AD. Late-onset AD is strongly linked to aging and 

apolipoprotein E4 (APOE4) polymorphism. APOE is a 299 amino acid protein (~34 kDa) 

encoded by the APOE gene, located in chromosome 19 (Mahley, 1988). This protein is 

responsible for cholesterol transport in the bloodstream, which is extremely abundant in 

the Lipid Rafts and it influences membrane’s fluidity, protein trafficking and, synaptic 

transmission (Korade and Kenworthy, 2008). Lipid Rafts constitute a fundamental 

platform for APP to find its cleaving enzymes and to form the Aβ peptide, thus a depletion 

of cholesterol affects Aβ production and has also been associate with impaired synaptic 

transmission (Jeong et al., 2019). In this sense, APOE   is particularly important in the 

central nervous system (CNS) to sustain the neuronal circuit health. The APOE gene 

possesses three alleles, namely ε2, ε3, and ε4, being the later correlated with a higher 

risk of developing AD (Stocker, et al., 2018), whereas ε2 allele appears to have a 

“protective” effect against AD onset (Holtzman et al., 2012). All three isoforms interact 

with Aβ peptide, promoting its fibrillation, although this interaction is notably amplified by 

ε4 allele (Ma et al., 1994), which stimulates the rate of Aβ aggregation (Castano et al., 

1995; Wisniewski et al., 1994) and, therefore, formation of senile plaques, being one of 

the greatest risk factors in AD onset. Beyond genetics, epigenetics also plays a key role 

in AD onset, particularly, changes in DNA methylation, chromatin remodelling, histone 

modifications, and non-coding RNA regulation (Liu et al., 2018). Finally, aging and 

particularly brain aging is an important risk factor for sporadic AD. Thus, age-associated 

molecular modifications, including reduced proteostasis, mitochondrial dysfunction, 

cellular senescence, stem cell exhaustion and/or lack of cellular communication 

contribute for increasing brain susceptibility to AD (Hou et al., 2019). 

 

1.1.2 Histopathology of AD 

The autopsy of Auguste Deter evidenced the presence of two distinctive hallmarks in 

patient's brain: intracellular NFTs and extracellular amyloid plaques. NFTs are mainly 

composed of aggregated hyperphosphorylated Tau (Anand et al., 2014; Weller et al., 

2017), while extracellular amyloid plaques, or senile plaques, and are mainly composed 

of aggregated Aβ peptide (Crase t al., 1991). Both proteinaceous accumulations are 

considered as the two main histological hallmarks of AD. 

Aβ is a peptide composed by 38 to 43 amino acids (a. a.) derived from APP proteolysis, 

an important transmembrane protein. Previous studies in transiently transfect cell lines 

showed that APP plays a fundamental physiological role as a modulator of cell growth, 
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motility and neurite outgrowth (O’Brien and Wong, 2011; Tiwari et al., 2019). This protein 

is mainly localized in postsynaptic densities (PSDs) being critical for neural survival, 

neurite growth, synaptogenesis, and synaptic plasticity. There are multiple alternative 

pathways for APP proteolysis, not all leading to Aβ generation. Briefly, full-length APP 

(Selkoe et al., 1988) is synthesized in the endoplasmic reticulum (ER) and then 

transported through the Golgi apparatus towards the trans-Golgi-network (TGN). APP is 

then transported to the cell surface or internalized via an endosomal compartment. On 

the cell surface, APP is proteolytically cleaved by an α-secretase followed by a γ- 

secretase, generating a secreted APPα (sAPPα), the P3 fragment and the APP 

intracellular domain (AICD) (Zhang et al., 2011), through the non-amyloidogenic pathway 

(Sisodia, 1992). When the first cleavage is processed, after APP endocytosis, in the 

amyloidogenic pathway by β-secretase, also known β-site APP cleaving enzyme 1 

(BACE1) it generates sAPPβ and C99. Then, C99 is cleaved by γ-secretases forming 

AICD peptide and Aβ peptide (Xu et al., 1997; Kuentzel et al., 1993; Chen et al 2017). 

At the end, Aβ may be either degraded in the lysosome or transported into the 

extracellular space (Wang et al., 2016). (Figure 1).    

 

Figure 1-Pathway of APP through non-amyloidogenic and amyloidogenic pathways. In the 
non-amyloidogenic pathway, APP is cleaved by α- and γ-secretases forming sAPPα, P3 and 
AICD. In contrast, in the amyloidogenic pathway, APP is sequentially cleaved by β- and γ-
secretases, forming sAPPβ, AICD peptide and Aβ monomers which tend to aggregate into 
oligomers and fibrils forming the Aβ plaques (Chen et al., 2017) 
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Interestingly, synaptic activity promotes APP processing and generation of Aβ, which 

may sustain long-term potentiation (LTP) in healthy brain conditions (Benarroch, 2018). 

Aβ variants are determined by the peptide cleavage site, being Aβ40 the preponderant 

species, accounting for about 90% of peptide species (Citron et.al, 1996). Conformation, 

self-assembly, and aggregation of Aβ peptide is influenced by the sequence of its a.a. 

(Lovas and Lyubchenko 2013). Thus, Aβ42 is significantly more amyloidogenic than 

Aβ40 due to the presence of two extra hydrophobic a.a. located at the C-terminus, being 

preferentially deposited in extracellular space (Gu and Guo, 2013). Peptide aggregation 

is a result of protein misfolding, where the conformational changes from random coil or 

α-helix to β-strands are maximized by hydrophobic conformation (Tycko, 2003). Aβ 

monomers suffer aggregation, forming soluble structures called Aβ oligomers (AβO), 

consisting of misfolded Aβ (ranging from dimers to dodecamers) that rapidly spread 

throughout the brain (Wu et al., 2010). Furthermore, Aβ aggregation can also result in 

Aβ fibrils, which are elongated protofibrils resulting from the polymerization of either 

Aβ42 or Aβ40, in a process that is regulated by the temperature and ionic strength, 

(Harper et al., 1999) and that further maturate to form insoluble fibril aggregates or 

amyloid plaques, that widely accumulate in areas of the brain dedicated to cognitive 

function, such as the hippocampus. 

The Amyloidogenic Hypothesis was firstly proposed by John Hardy and David Allsop in 

1992, postulating that large Aβ aggregates constitute the main triggers of neurotoxicity 

and dementia in AD (Hardy and Allsop, 1992). Importantly, several studies have 

demonstrated that Aβ-derived toxins in the form of soluble AβO appear to have more 

neurotoxic effects than the insoluble plaque structure itself. Thus, in mouse brain slices 

cultures exposure to AβO for 45 min is induced a complete blockage of LTP (Lambert et 

al., 1998). Moreover, data obtained in the mouse model Tg2576 that develops plaque 

pathology and behavioural deficits at 9 months of age evidenced that AβO are 

responsible for memory impairments and not the larger insoluble aggregates (Larson ME 

and Lesné, 2012). Similar observations have been done in APP transgenic mice model 

brains showing abnormal alterations in synaptic proteins correlated with cognitive 

impairment and AβO accumulation (Pham, 2010). Thus, a more recent hypothesis, the 

AβO hypothesis, has suppressed the Amyloidogenic Hypothesis (Selkoe and Hardy, 

2016), focusing on the oligomer-induced rupture in synaptic plasticity as the main trigger 

of memory impairment observed in AD. 

Tau is a microtubule-associated protein that acts as strengthening lateral interactions 

between protofilaments, regulating their dynamics and stability (Daun et al. 2017), and 
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that also participates in dendritic and axonal transport. This protein is abnormally 

phosphorylated in approximately 30 sites in AD, mainly through the intervention of 

glycogen synthase kinase-3β (GSK3β) (Avila, 2018). Although not all phosphorylation 

sites are involved in the formation of toxic forms of tau protein, the Ser-199/202/205, Thr-

212, Thr-231/Ser-235, Ser-262/356, and Ser-404 sites seem to be especially critical for 

AD onset (Alonso et al., 2004). Evidences obtained in the mouse model P301S of Tau 

pathology and in the brain of AD patients evidences that Tau protein spreads throughout 

the brain in a prion-like way (Laurent, et al., 2018). Importantly, the injection of Tau 

oligomers into the brain of wild-type mice is enough to induce cognitive, synaptic, and 

mitochondrial impairment (Shafiei et al., 2017). Interestingly, the ratio Aβ42/40 rather 

than total Aβ levels, seems to be more impacting in Tau aggregation, where a higher 

ratio Aβ42/40 triggers Tau pathology (Kwak et al., 2020). Furthermore, Aβ and Tau 

appear to cooperate synergistically in particular, localized Aβ deposits can cause long-

distance effects on grey matter, namely volume reduction, which seems to be mediated 

by tau protein spreading (Iaccarino, et al., 2017). 

The levels of Aβ and Tau content in the brain of AD patients used in combination with 

neurological evaluation and neuroimaging techniques are commonly used to diagnose 

and follow up AD patients. Levels of Aβ1-42, total Tau (T-Tau), and Tau phosphorylated 

at threonine 181 (P-Tau181) in the cerebrospinal fluid (CSF) are used as AD biomarkers. 

Interestingly, levels of tau protein are two to three times higher in CSF from AD patients 

than in healthy controls, while Aβ levels are 40% lower (Shaw et al., 2007). In this sense, 

CSF Aβ1-42 levels inversely correlate with total Aβ load in the brain, while CSF tau 

correlates with results of immunohistochemistry for hyperphosphorylated tau in the brain 

of patients with AD (Tapiola et al., 2009), implicating an undergoing cell death process. 

CSF Aβ1–42/Aβ1–40 ratio appears to be more efficient in AD prediction than the total Aβ 

content only (Niemantsverdriet et.al, 2017). Using Positron emission tomography (PET) 

imaging, it is possible to access AD-associated metabolic patterns and key proteins in 

the brain. Thus, 18F-fluorodeoxyglucose (FDG) tracer is used to collect information 

regarding brain metabolism since glucose metabolism has been correlated with Aβ 

deposits in AD (Mao et al., 2011). AD neuroinflammation is an important process related 

to the deposition of Aβ plaques process, which can occur in both the grey matter and the 

white matter. Interestingly, when assessing white matter glucose metabolism 

significantly higher levels are observed in AD patients than in healthy subjects (Jeong et 

al., 2017). Furthermore, 18F-flortaucipir (conventionally [18F] AV1451 or [18F] T807) is 

used to evaluate hyperphosphorylated Tau filaments and C11-PiB to assess Aβ plaques, 

providing a link between amyloid plaques and modifications in brain structure and 
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function in AD (Laforce et al., 2018; Cohen and Rabinovici, 2012). Moreover, using 

multimodal neuroimaging, combining PET with functional magnetic resonance (fMRI), it 

is possible to establish a relationship between protein deposits in AD patients' brains (Aβ 

and Tau proteins) and brain activity. Thus, this combined approach has evidenced that 

cortical Aβ load is associated with disruption of functional connectivity in the brain (Song 

et al., 2015) and that Tau spreads across synaptic connections in an activity-dependent 

manner, where AD subjects show faster Tau accumulation than controls (Franzmeier et 

al., 2020). 

 

 

1.2. Synaptic plasticity  

1.2.1 General Features 

Santiago Ramón y Cajal was the first to discover the existence of a discontinuity between 

neurons (Cajal, 1904); later, other investigators reported that neurons were able to 

communicate through these discontinuities (specialized junctions) and classified it as 

synapses. Tripartite synaptic structures constitute the fundamental units of 

neurotransmission, being composed of two separated pre- and postsynaptic 

components (which can be either an axon, dendrite, or soma) and adjacent astrocytes. 

Synapses hold chemical and electrical transmission signals, being classified as either 

excitatory or inhibitory. Most inhibitory synapses take place in cell bodies and dendritic 

shafts and excitatory synapses take place in dendritic spines (Arikkath, 2012). 

Synaptic plasticity is defined as the ability of the nervous system to change its neural 

activity, therefore transmission, as a response to experience, in this sense it plays a 

fundamental role in memory formation. Postsynaptic plasticity is a result of changes in 

the number and properties of postsynaptic receptors, whereas presynaptic plasticity 

occurs after an increase or decrease in the release of neurotransmitters. Moreover, 

postsynaptic plasticity is strongly associated with the activity of glutamatergic synapses 

in different brain regions (Pinky and Parsons, 2018), being highly abundant in the 

hippocampus. Glutamate is the main excitatory neurotransmitter in the nervous system 

and glutamatergic receptors are classified as either metabotropic (G protein-coupled) or 

ionotropic (ion channel-associated). Ionotropic receptors play a crucial role in 

glutamatergic synapses since they are faster in neurotransmission due to the flux of 

calcium (Ca2+) and sodium (Na+) ions. There are three types of ionotropic receptors: α-
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amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR), kainate 

receptor, and NMDAR. NMDAR are in the postsynaptic membrane of excitatory 

synapses and are highly permeable to Ca2+. Indeed, these constitute the main type of 

receptors responsible for modulating synaptic plasticity (Collingridge, 1987). NMDARs 

display a heterotetrameric complex, composed of a mandatory subunit, GluN1, which 

can combine with other 6 types of subunits. Interestingly, GluN2A and GluN2B are the 

most expressed subunit types in the hippocampus. Importantly, NMDAR is blocked in a 

voltage-dependent manner by magnesium ion (Mg2+). AMPAR supports NMDAR activity 

by causing membrane depolarization after Na+ entry, consequently promoting the 

release of Mg2+ that blocks NMDAR under resting conditions. Notably, AMPAR diffuses 

freely in the synaptic membrane surface and their level of diffusion depends on receptor 

composition, for instance, receptors mainly constituted of GluA2 subunits move slower 

in neurons. Furthermore, diffusion movements are mediated by interactions with PSD-

95, a scaffolding postsynaptic protein important to stabilize glutamate receptors located 

at excitatory synapses (Bats et al., 2007), allowing the receptors to anchor at the 

membrane surface after an increase in neural activity. In addition, the diffusion speed of 

AMPAR is modulated by the levels of neural activity, namely by an increase in neuronal 

function that causes the receptors to move more slowly (Groc et al., 2004). Of note, 

synaptic plasticity promotes dendritic spine growth (associated with synaptic plasticity 

enhancement), where changes in AMPAR and NMDAR function enhance the generation 

of Na+ and K+ currents, as well as Ca2+ transients. In fact, Ca2+, constitutes an important 

regulator of synaptic transmission (Katz and Miledi, 1968) in particular, after an action 

potential, as residual Ca2+ at the presynaptic terminal provides a basal neurotransmitter 

release for synapse generation (Catterall and Few, 2008). Importantly, typical basal Ca2+ 

concentration is 50 -100 nM, although, after neuron activation, it increases 10 to 100 

times, allowing the activation of various biochemical cascades which enzymes are Ca2+-

dependent (Borczyk, et al., 2019) that then modulate synaptic plasticity.  

Synaptic plasticity is classified into two major types, short-term plasticity, and long-term 

plasticity. Regarding the first type, although the pre-and post-synaptic mechanisms can 

contribute to it, the first ones seem to be the most prevalent. In particular, presynaptic 

vesicle trafficking is generally considered fundamental to explain short-term plasticity. As 

such, vesicle depletion is used to model depression dynamics, whereas Ca2+-dependent 

transmitter release models facilitation dynamics. The second classification, long-term 

plasticity refers to the long-lasting changes in synaptic activity that modify synaptic 

strength by either enhancing it, the LTP, or depressing it, the long-term depression 

(LTD). LTD is an activity weakening of neuronal synapses induced by repeated activation 
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of presynaptic neurons at lower frequencies of synaptic stimulation (Bear and Malenka, 

1994). Slow rises in postsynaptic Ca2+ levels are generated, and LTD induction arises 

from the activation of Ca2+ dependent phosphatases (Lüscher and Malenka, 2012). In 

contrast, after a brief high-frequency synaptic stimulation and simultaneous activation of 

pre- and postsynaptic neurons LTP is induced. A high influx of Ca2+ is generated, which 

activates calcium/calmodulin-dependent kinase II (CaMKII) and protein kinase C (PKC), 

which remain active even after lowering of Ca2+ levels, in a process named early-LTP 

(Bear and Malenka, 1994). The maintenance of the process will be dependent on protein 

kinase M-ζ activity, which is independent of Ca2+levels. Furthermore, late-phase LTP will 

require gene transcription and protein synthesis in the postsynaptic cells, in a process 

involving activation of transcription factor cAMP response element-binding protein 

(CREB) (Sacktor and Fenton, 2018) (Figure 2). 

 

1.2.2 Dendritic spine changes in synaptic plasticity  

Spines are one of the most important morphological specializations located in dendrites 

serving as storage sites for synaptic strength and helping transmit electrical signals to 

neuron cell body. Structurally, spines are generally composed of a small spherical head 

Figure 2-Model for LTP induction. High frequency synaptic stimulation activates NMDAR 
located at the postsynaptic membrane causing high Ca2+ influx which leads to Ca2+/CaM 
activation and then CaMKII activation. CaMKII phosphorylates AMPARs inducing the receptor 
translocation and insertion in the post-synaptic membrane (the higher AMPAR number the 

stronger the LTP signal). Metabotropic glutamate receptors (mGluRs) mediate the molecular 

signaling that activates PKC which phosphorylates Neurogranin (Ng) and consequently liberates 
CaM enabling it to continue activate CaMKII and sustain the LTP (O'Day, 2020).  
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connected to a narrow neck linked to the dendrite. The spine neck serves as a restrictor 

of Ca2+ diffusion into the neighbourhood (Ebrahimi and Okabe, 2014) being fundamental 

to strengthen synaptic plasticity. Notably, spine neck width is modulated by synaptic 

plasticity and its size increases or decreases after an LTP (Tonnesen et al., 2014). Spine 

structure is stabilized and supported by the cytoskeleton, composed by an organized 

network of F-actin filaments (Bosch and Hayashi 2012). Importantly, CaMKII in 

association with calcineurin regulate the activity of GTPase proteins such as Rac1, 

Cdc42, and RhoA which regulate the stability of actin cytoskeletal (Li et al., 2002). Cell 

adhesion molecules (CAMs) bind to calcineurin causing spine shrinkage, a phenomenon 

observed in spines that are more susceptible to neuropsychiatric and neurodegenerative 

diseases (Yasuda, 2017; Stein and Zito, 2019) (Figure 3). 

 

 

 

 

 

 

 

 

 

 

 

Spine architecture is variable; thus, spine neck diameters lengths may vary from 0.04 

μm up to 1 μm and the head, when present, have a size varying from 0.5 μm to 2 μm 

(Harris and 1994). As previously described, most of excitatory synapses are in dendritic 

spines; typically, they present total lengths of 2-3 μm, but can also achieve lengths up to 

Figure 3-Dendritic spine structure. This membrane protrusion is composed by a head and neck 
and is supported by a network of F-actin. Postsynaptic CAMs which are a subset of cell adhesion 
proteins localized on the cell surface where they mediate interactions cell-to-cell or cell-to- 
extracellular matrix (ECM), are fundamental for spine structure, since they link the PSD (a protein 
dense specialization) and the F-actin in the spine. The majority of CAMs located at synaptic clefts 
belong to cadherin, integrin and neurexins families, and the immunoglobulin superfamily. 
Furthermore, the ECM (composed by collagen, enzymes, glycoproteins, and hydroxyapatite) 
through its interacting with CAMs and membrane receptors confers dynamics to dendritic spines 
(Levy and Koleske, 2014). 
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6-8 μm in the case of filopodia spines (Ruszczycki, et al., 2012). Located on top of spines, 

the PSD region is an electron-dense region holding glutamatergic receptors. PSD 

complexity and configuration is correlated with AMPAR and NMDAR expression, as well 

as the size of the region (Ganeshina et al., 2004). A protein family that is part of PSD 

region is the Shank family, which modulates the structural and functional organization of 

dendritic spines and synapses and promotes spine maturation and selective 

enlargement (Sala et al., 2001). Thus, an increase in spine head size is correlated with 

PSD area enlargement and synaptic strengthening (Ebrahimi and Okabe, 2014). 

Spines are dynamic structures dependent on actin cytoskeleton dynamism (Bonhoeffer 

and Yuste, 2002), thus changes in spine morphology and number (structural 

neuroplasticity) influence synaptic plasticity (Nakahata and Yasuda, 2018). These post-

synaptic structures receive one or multiple excitatory inputs and establish contact with 

presynaptic terminals that are quite stable (Deng and Dunaevsky, 2005). Interestingly, 

an enhancement in spine turnover and spine clustering, causes the modulation of neural 

network function, namely an improvement in memory formation and storage (Frank et 

al., 2018). Indeed, spines are organized F-actin networks that undergo long-term 

modifications during synaptic plasticity, where actin switches from states of 

polymerization to depolymerization. Importantly, LTP induces an increase in spine 

volume as well as in PSD surface volume (Borczyk, 2019). In addition, dendritic spine 

remodelling is essential for the process of structural LTP (sLTP), and therefore memory 

consolidation (Nakahata and Yasuda, 2018). The spine long-term circuit reorganization 

can be divided into three stages highly dependent on the actin cytoskeleton (Bosch and 

Hayashi, 2012): i) after stimulation, spines undergo rapid and large volume increase, 

called the transient phase; ii) the sustained phase, which may take more than one hour, 

correspond to a decrease in spine volume, although it stabilizes at a higher level than 

the original one; and iii) in the final phase the spine increases its sensitivity to glutamate.  

These specialized protrusions can be classified according to their shape and size, which 

is extremely useful in order to evaluate states of maturation and pathologies in neurons. 

In this sense, spines are classified into four main categories: filopodia, thin, mushroom, 

and stubby. Importantly, the variety in dendritic spines morphologies is correlated with 

synaptic strength variability (Arellano et al., 2007), and therefore memory and learning 

capacity. In the initial stages of brain development, dendrites do not possess spines. 

These structures only begin to appear when the plasma membrane of dendrites forms 

tentacle-like projections, forming the filopodia spines. These structures are thin, devoid 

of a head and generally lack a PSD region and disappear with aging, but they may still 
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be observed in the adult brain, although, only in specific situations such as during 

induction of neuroplasticity or neuronal regeneration, after brain injury (Yoshihara and 

Muller, 2009). Furthermore, in the initial stages, spines are highly mobile and gradually, 

along with the development of the organism, they are replaced by thin spines that are 

less dynamic than the previous ones, although they already possess a small head that 

enables them to receive synaptic signals (Lohmann and Kessels, 2014). Thin spines 

carry small or immature synapses, which allows them to be prone for synaptic 

strengthening and to a greater plasticity, being therefore generally called learning spines. 

Interestingly, their number decrease with aging (Berry and Nedivi, 2017), which may 

explain the decline in brain neural plasticity observed. In contrast with thin spines, 

mushrooms spines are even more stable and less dynamic. These protrusions (also 

called “memory spines”) possess a larger bulbous head and a narrow neck, an 

architecture that allows them to hold bigger glutamatergic synapses. These synapses 

possess a bigger PSD region, and therefore, a bigger area of glutamatergic receptors, 

possessing stronger synaptic signals (Cugno et al., 2019). These glutamatergic 

receptors, in particular, AMPAR are more expressed in mushroom spines. Interestingly, 

when immature protrusions are stimulated, it might initiate morphological changes that 

result in the acquisition of a mature spine morphology (mushroom), namely a decrease 

in length (head and neck), an increase in the diameter of the head, an increase in the 

diameter of the neck and an increase in the diameter of the base (Mattison et al., 2014). 

Of note, generally, spine population in the hippocampus and neocortex of adult healthy 

mouse is composed by approximately 65% of thin spines and 25% of mushroom spines 

(Bourne and Harris, 2007). Finally, stubby spines generally do not possess a neck, being 

present in early development but also in adulthood, resulting mainly from mushroom 

spine elimination (Pchitskaya and Bezprozvanny, 2020). Interestingly, in both rat and 

mice slice cultures a loss of immature protrusions (filopodia and thin) and appearance of 

mature spines (mushroom and stubby) is observed during the second week of 

development (Mattison et al., 2014). 

 

1.2.3 Impaired synaptic plasticity in AD 

Consistent reports have established a link between decreased synaptic plasticity and 

abnormalities in dendritic spines. In AD, cognitive impairment has been associated to 

low dendritic spine density and altered morphology (Dickstein et al., 2010). The Tg2576 

mouse model showed a decrease in dendritic spine density near amyloid plaques, as a 

consequence of spine formation disruption, and later associated to synaptic loss (Spires-
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Jones et al., 2007). In mouse primary hippocampal neuronal cultures, most of dendritic 

spines were highly stable under basal conditions; however, treatment with AβO induced 

an increase in the number of stubby spines and a decrease in the number of mushroom 

spines, suggesting a higher susceptibility of mushroom spines to Aβ exposure, when 

compared to thin spines, which did not suffer considerable changes. Notably, low 

concentrations of human Aβ caused a shift in spine morphology from mature to immature 

spines (Tackenberg and Brandt, 2009). In a study aiming to evaluate the progression of 

spine morphology in AD, an ex vivo model was used based on hippocampal organotypic 

cultures from APP transgenic mouse model; data in this model indicated that spine 

morphology progressively changes from mushroom-shaped to stubby, in a process 

mediated by microtubules (MTs) destabilization. This effect could be recovered by MTs 

polymerization agents (Penazzi et al., 2016). 

The mechanisms behind spine loss, synaptic failure, as well as memory loss in AD are 

still under debate, although two explanations stand out, one centred in the F-actin role 

and another centred on Ca2+ modulation. In primary cortical neurons of APP/PS1 mouse 

model cultured for 10 days in vitro (DIV), the reduction of F-actin levels, was not 

correlated with significant changes in the number of spines or spine total extent but was 

accompanied with a slight decrease in spine head diameter when compared to WT cells 

(Kommaddi, et al., 2018). Importantly, at 16 DIV, reduction of F-actin levels was 

accompanied by a reduction in the number of spines, spine total extent, and head 

diameter (Kommaddi, et al., 2018). Furthermore, exposure to AβO induced excitotoxicity, 

mechanism responsible for neuronal death through the over activation of NMDARs and 

further increase in intracellular Ca2+ (Ferreira et al. 2012; Ferreira et al., 2015; Shankar 

et al., 2007; Sengupta Urmi et al., 2016; MacDermott et al., 1986; Rammes et al., 2017). 

Extra synaptic NMDARs activation seems to be particularly important to mediate AβO 

neurotoxicity (Zhang et al., 2016) impairing the activity of cAMPs that bind fundamental 

transcription factors, as CREB, thus, shutting off important molecular pathways (Tong et 

al., 2001). Of note, Aβ aggregates induce the formation of pores in neuronal membranes, 

promoting an increase in membrane conductance and a higher entry of Ca2+. Thus, the 

neurotoxic effects resulting from this dynamic process, taking place in the brains of 

patients, are loss of synaptic proteins and a decrease in neuronal viability (Sepúlveda et 

al., 2010; 2014). Furthermore, AβO bind to neurites preferentially to the postsynaptic 

region, where the PSD-95 normally interacts with NMDAR, neuroligin (NL) (postsynaptic 

protein that binds to presynaptic protein) and neurexin and forms an anchorage complex. 

Importantly, when this complex is disrupted due to AβO accumulation, the integrity of the 

synaptic contact is compromised (Dinamarca and Inestrosa, 2012). A progressive 
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accumulation of AβO causes selective alterations in pre- and postsynaptic proteins, such 

as synaptophysin (a presynaptic protein present in synaptic vesicles) and PSD-95, 

causing destabilization of the spine formation/elimination equilibrium (Birnbaum and 

Rajendran, 2015; Shanar et al., 2007). 

 

 

1.3. Mitochondria 

1.3.1 General features 

Mitochondria are maternally inherited organelles constituted by a matrix surrounded by 

an inner mitochondrial membrane (IMM) separated from an outer mitochondrial 

membrane (OMM) by a sub-compartment called mitochondrial intermembrane space; 

unlike other organelles, mitochondria possess their own DNA, a circular mitochondrial 

DNA (mtDNA). Generally, mitochondria possess a size of 0.75-3 µm and their diameter 

and length vary depending on the cell type or physiological state (Miyazono et al., 2018). 

Mitochondria are commonly referred to as the “powerhouse” of the cell due to their 

involvement in ATP production, fundamental for the maintenance of normal cell function, 

through the process of oxidative phosphorylation (OXPHOS). Briefly, during OXPHOS, 

electrons derived from reduced coenzymes (NADH and FADH2) are transferred across 

IMM complexes through redox reactions. The energy associated to this electron flow is 

used to transport protons (H+) across the IMM, from the matrix to the mitochondrial 

intermembrane space, producing both a pH gradient (ΔpH) and an electrical potential 

difference (ΔΨ) across the membrane. Thus, mitochondrial transmembrane potential 

(ΔΨm) is used to define mitochondrial function. Importantly, ΔΨm achieves values 

around -150 to -180 mV in the matrix side of the IMM (Jonckheere, et al., 2012, Cenini 

and Voos, 2019). Ultimately, protons flow back to the mitochondrial matrix through ATP 

synthase (Complex V), generating ATP from ADP (Figure 4). 
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One of the fundamental roles of mitochondria is, as mentioned, to produce ATP. In this 

process besides mitochondrial chain complexes, the activity of mitochondrial 

dehydrogenases located in the matrix, is regulated by Ca2+ levels, so that an increase in 

Ca2+ levels stimulate the production of ATP (Young et al., 2008). Indeed, mitochondria 

are extremely sensitive to Ca2+ levels, which enable them not only to decode synaptic 

signals, but also to regulate intracellular Ca2+ content by buffering this ion when above a 

certain threshold (~0.5 M) in the cytosol or establishing a close link with the ER through 

the mitochondrial associated membrane (MAM). Importantly, an excessive accumulation 

of Ca2+ inside mitochondria increases IMM permeability, leading to mitochondrial 

depolarization and affecting ATP production. As a result, ATP levels drop and ultimately 

cause cell death through the opening of mitochondrial permeability transition pore 

(mPTP) (Webster 2012). Conversely, high ATP levels are associated to stable ΔΨm 

values (Zorova et al., 2018). Moreover, strategically placed mitochondria connect 

neuronal depolarization to synaptic activity through the modulation of membrane 

potential and Ca2+ oscillations at synapses (Giorgi et al. 2018). 

In the CNS, mitochondria can be located at synapses, serving as energy suppliers, and 

regulating neurite formation, synaptic strengthening, stability, and signalling (Devine and 

Figure 4-ATP formation through mitochondrial OXPHOS creates an H+ gradient that is 
fundamental in order to generate ATP, through OXPHOS, used to sustain the synaptic activity 
(Andrews, 2010). 
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Kittler, 2018). Mitochondria respond preferentially to high levels of Ca2+ at post-synaptic 

sites, managing Ca2+ uptake into the organelle and compartmentalizing the distribution 

of Ca2+ along the neuron. Dendritic mitochondria evidence higher levels of Ca2+ than 

somatic mitochondria. The differences in Ca2+ compartmentalization and in Ca2+ levels 

of somatic and dendritic mitochondria may suggest that these are strategies to avoid the 

activation of Ca2+-dependent proteases and prevent cell death (Young et al., 2008). 

Furthermore, there is a spatiotemporal correlation between Ca2+ and ATP levels. Thus, 

in HeLa cells expressing an ATP plasmid (GO-ATeams) and loaded with a Ca2+ 

fluorescent probe, stimulation with histamine proportionally increased both intracellular 

Ca2+ and mitochondrial ATP, indicating that the ion levels may precisely control 

mitochondrial ATP synthesis (Nakano et al., 2011).  

In response to high metabolic demand, mitochondria travel and distribute along 

dendrites, axons, and synaptic terminals, supporting neuronal function (Mishra and 

Chan, 2016). ADP/ATP ratio levels increase along with mitochondrial movement towards 

synapses, reinforcing the decisive role of ATP as a signalling agent of mitochondrial 

movement. Interestingly, mitochondria decrease their velocity near synapses, which is 

associated with lower levels of ATP, as a consequence of a higher ATP demand at 

synapse (Mironov, 2007). Furthermore, mitochondrial morphology is continually 

changing along neural network depending on their location. Remarkably, presynaptic 

mitochondria are smaller and shorter, and most of them do not extend beyond 

presynaptic terminals. These mitochondria travel to places of high ATP demand and Ca2+ 

flux, participating in the homeostatic mechanism (Devine and Kittle 2018); thus, 

impairment of a proper supply of energy and buffering of Ca2+, compromises neuronal 

function. In contrast, postsynaptic and dendritic mitochondria are larger and spread 

throughout dendrites (Delgado et al., 2019).  

 

1.3.2   Mitochondrial transport and dynamics 

The long-range transport of mitochondria along axons and dendrites is accomplished 

through a system of MTs, in which these structures act as trails to mitochondria. Axonal 

MTs are uniformly polarized with positive ends pointing to axonal terminals and negative 

terminals pointing to cell bodies, in contrast to dendritic MTs that have mixed polarities 

(Lovas and Wang, 2013). The classification of the type of mitochondrial movement 

depends on the direction in which the organelles move. Short-range mitochondrial 

movement occurs mainly in dendritic spines, growth cones and synaptic buds and is 
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mediated by actin filaments using myosin motor proteins (Saxton and Hollenbeck, 2012). 

In addition, actin filaments are also used for docking organelles (Correia et al., 2016). 

Two main motor proteins are involved in neurite mitochondrial movement, namely in 

anterograde or retrograde movement, respectively kinesins (KIFs) and dynein. Different 

KIF isoforms regulate anterograde movement of distinct cell cargoes. In particular, KIF-

1 and KIF-3 are highly expressed in the CNS (Lin and Sheng, 2015). These motor 

proteins are recruited to mitochondria with the help of adaptor proteins, forming a 

complex required for mitochondrial movement. One of the most studied adaptor proteins 

is Grif-1 or Track1, which associates with Miro1, a subfamily of mitochondrial Rho 

GTPase located at the OMM to form a movement protein complex. Besides Trak1 and 

Miro1, other protein isoforms can take part in the movement complex, such as Track2 

and Miro2. Importantly, increasing Miro expression recruits Track adaptors into 

mitochondria forming the movement complex, and therefore enabling mitochondrial 

movement in the direction of the nerve terminal (MacAskill et al., 2009). The retrograde 

movement constitutes a communication strategy between the mitochondria and the 

nucleus, as it signals the energetic state of the organelle (Lovas and Wang, 2013). 

Complexes consisting of dynein and dynactin proteins mediate mitochondrial retrograde 

movement, although, unlike the multiple isoforms of KIFs, there is only one form of 

dynein. However, dynein has several components and arrangements that allow to have 

different functions. Dynein ‘s cargo carrier or cargo anchor functions make dynein a 

highly complex and multifunctional motor protein. Notably, mitochondria with low ΔΨm 

tend to move retrograde, although the mechanisms involved are still poorly understood 

(Miller and Sheetz, 2004; Zorova et al., 2018). 

Mitochondrial motility is influenced by the organelle’s function and dynamics influencing 

their spread throughout neurons. Thus, factors as ΔΨm, ATP levels and Ca2+buffering, 

or mitochondrial morphology modulate mitochondrial distribution. Complete 

mitochondrial depolarization induced by the protonophore Carbonyl cyanide m-

chlorophenylhydrazone (CCCP) was shown to reduce both retrograde and anterograde 

movements. Interestingly, a high ΔΨm promoted mitochondrial movement towards 

growth cones (∼90%), whereas a lower ΔΨm promoted mitochondrial movement 

towards the cell body (∼80%) (Miller and Sheetz, 2004). ATP levels also influence 

mitochondrial movement, in fact, motor proteins are strongly fuelled by ATP that is 

produced at OXPHOS rather than glycolysis (Zala et al., 2013). In primary cultures of 

dentate granule cells, neuronal depolarization caused the activation of AMP-activated 

protein kinase (AMPK) and an increase in mitochondrial anterograde movement (Tao 
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and Koyama, 2014). Of note, AMPK is a regulator of the intracellular metabolic state that 

is sensitive to low intracellular ATP levels (Mihaylova and Shaw, 2011). Furthermore, in 

cultured neurons mitochondrial movement was demonstrated to be influenced by ATP 

depletion, suggesting that its consumption during synapse activity facilitates 

mitochondrial recruitment since these are places of high energetic demand (Mironov, 

2007).   

Ca2+ distribution throughout neuronal compartments is heterogeneous and seems to 

dependent on cellular ATP content. This is particularly evident at synapses and dendritic 

spines, where Ca2+ concentration is high and the ATP content is low, suggesting that 

mitochondria are arrested to promote Ca2+ buffer and produce ATP for neuronal function 

(Lovas and Wang, 2013). Thus, in addition to ATP levels, Ca2+ levels also influence 

mitochondrial movement, playing an important role in physiological signalling. Basal 

levels of cytosolic Ca2+ promote mitochondrial movement although, when elevated, it can 

block mitochondrial movement along neurons (Lovas and Wang, 2013; Verma et al., 

2018). Ca2+ regulates protein Miro1, which possesses two EF-hands Ca2+-binding 

domains, acting as a Ca2+ sensor to promote mitochondrial mobility. Complexes 

involving the arrangement of key proteins (KIF, Tracks, and Miro) allow mitochondria to 

move through MTs along dendrites and axons, where mitochondrial recruitment is 

mediated by Ca2+ (Cai end Sheng, 2009) (Figure 5), a mechanism that is compromised 

in neurodegenerative diseases. 
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Interestingly, bigger mitochondria are less motile than smaller mitochondria (Miller and 

Sheetz, 2004). These organelles possess two states, as they either move long or short 

distances at a constant speed or pause and restart again although, notably, with different 

speeds, and may even change movement direction. Importantly, in cortical axons, 

hippocampal axons, and hippocampal dendrites, at all stages of maturation, only 

approximately 25-30% of mitochondria are motile, thus mitochondria move along 

neurons in an intermittent manner (“jumping” movement) with short periods of constant 

velocity followed by longer pauses. (Lovas and Wang, 2013; Loss and Stephenson, 

2017; Vanden Berghe et al., 2004).  Importantly, mitochondrial motility appears to 

decrease with neurons maturation, an observation reported in cortical axons mature 

neurons in which mitochondrial motility was significantly reduced. Interestingly, there 

was increased recruitment of mitochondria in presynaptic sites (an important hallmark of 

CNS maturation) (Lewis et al., 2016). Furthermore, mitochondrial motility patterns are 

distinct and dependent on the neuronal compartment. In a study in embryonic rat 

Figure 5-Two models of Ca2+ recruitment of mitochondria in a Miro adaptor-dependent 
manner. In (A) Mitochondria transport is mediated by the complex formed by Miro associated 
with KIF-5, when Ca2+ binds to the EF hands dissociates Miro from KIF-5 (B) Ca2+ binds to EF-
hands and promotes a direct interaction of KIF-5 domain with Miro which turns “off” KIF-5 
interaction with MTs (Cai and Sheng 2009). 
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hippocampal neurons performing a time-lapse imaging analysis, it was observed 

dendritic mitochondria exhibited are more mobile and more persistent changes in 

direction than axonal mitochondria although, the axonal mitochondria have a longer 

moving length than dendritic mitochondria. (Overly and Hollenbeck, 1996). Overall, 

axonal mitochondria tend to possess more dynamic patterns of motility and longer run 

lengths, compared with dendritic mitochondria (Melkov and Abdu, 2018). Notably, in 

primary dentate granule cells, plasmatic membrane depolarization induces a rebalance 

of mitochondrial motility and an increase in anterograde axonal transport of mitochondria 

(Tao and Koyama, 2014). Moreover, mitochondrial velocity is a key parameter to 

characterize mitochondrial movement, especially to distinguish between normal and 

abnormal mitochondrial movement. In primary hippocampal neurons mean velocities in 

axons and dendrites are reported between 0.43 and 0.61 μm/s, while in axons and 

dendrites of cortical neurons mean mitochondrial velocities are reported between 0.39 

and 0.53 μm/s (Niescier et al., 2016; Loss and Stephenson, 2017).  

Mitochondrial dynamics consists in changes in morphology and movement. Particularly, 

changes in mitochondria membrane cause mitochondria either to elongate (after fusion) 

or shorten (fission). This dynamic process is especially important to maintain a healthy 

mitochondrial activity and provide the necessary number of mitochondria to places of 

high energetic demand. The organelles can either be organized in complex 

interconnected networks that represent an efficient system of energy delivering and 

functional individual units. In several cell lines, mitochondria appear as heterogeneous 

mixtures of elongated, tubular, or short vesicular forms (Karbowski and Youle, 2003). 

When a loss of ΔΨm occurs mitochondria undergo structural changes, namely 

mitochondrial shrinkage along the long axis into a small spherical structure (Miyazono et 

al., 2018). Indeed, the formation of short and round mitochondria occurs under conditions 

such as mtDNA depletion or treatment with mitochondrial toxins. These shifts in 

mitochondrial shape result in a potential strategy to regulate mitochondrial health 

(Karbowski and Youle, 2003). Fission begins first with the recruitment of ER to the 

mitochondrial constriction site composed of several OMM-linked proteins (FIS1, MFF, 

MiD49, and MiD51) and then DRP1 is recruited to the surface of the mitochondrial 

constriction, forming a constriction ring around the mitochondria and initiating the fission 

process; this requires the recruiting of other proteins, namely Dyn2 and Dnm2, two 

GTPases responsible for ending the fragmentation process (Westermann, 2010;Cai and 

Tammineni, 2016; Cadete et al.,2019; Palmer et al., 2011). Impairment of mitochondrial 

fission may cause a reduction in the density of dendritic mitochondria and limit their 

distribution throughout axons, dendrites, spines, and synapses (Li et al., 2004). In 
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contrast, the fusion process involves mainly two GTPases: mitofusins (Mfn1 and Mfn2) 

located in the OMM and promoting its fusion, and optic atrophy protein 1 (OPA1), located 

in the IMM. This is a fundamental process to maintain mitochondrial DNA, as well as the 

distribution of metabolites. In this sense it is extremely important to maintain the 

mitochondrial population, thus a disruption of this process leads to mitochondrial 

heterogeneity and dysfunction (Westermann, 2010, Zhu et al., 2018). This is a two-step 

process, first Mfn-1 and Mfn-2 and their C-terminal coiled-coil region mediates tethering 

between mitochondria through homo- or heterotypic complexes established with 

adjacent mitochondria, promoting OMM fusion. OPA-1 at the IMM mediates the 

attachment and fusion of IMM. Importantly, mitochondrial fusion is induced by an 

increase in mitochondrial potential, ATP levels and oxygen consumption, in contrast with 

fission, which is induced by a decrease in these parameters (Chiong et al., 2014). 

Mitochondrial fusion and fission, respectively, increases and decreases the ΔΨm, which 

influences mitochondrial Ca2+ buffering that increase or decrease in a proportional 

manner. (Flippo and Strack, 2017). Interestingly, LTP promotes dendritic mitochondrial 

fission, which results from increased cytosolic Ca2+, being an essential event for LTP 

expression (Divakaruni et al., 2018). Furthermore, lower mitochondrial Ca2+ buffering 

resulting from mitochondrial fission events and increases cytosolic Ca2+ which promotes 

dendritic spine development (Flippo and Strack, 2017). 

 

1.3.3 Aβ induced mitochondrial dysfunction in AD  

One of the early features in AD is mitochondrial dysfunction, which is associated to 

structural and functional changes such as increased ROS production and decreased 

ATP production. In fact, abnormal cerebral metabolic rates are observed in PET imaging, 

even before the observation of an impairment in cerebral functional parameters and brain 

atrophy (Blass, 2000). Importantly, AD patient’s brains possess high levels of 

mitochondrial DNA (mtDNA) mutations (Wang et al., 2014). Given the fact that mtDNA 

encodes fundamental proteins constituting mitochondrial electron transport chain, 

mutations in mitochondrial genome will compromise mitochondrial function, causing a 

decreasing ATP production and oxygen consumption, which ultimately promote cell 

death (Pagliarini et al., 2008; Lu et al., 2009). Furthermore, analysis of brain tissue from 

patients with AD showed an abnormal activity of electron transport chain cytochrome c 

oxidase (COX) (or complex IV), responsible for inducing energy loss in AD (Kish et al., 

1999). Mitochondrial dysfunction observed in AD is a result not only of the direct effect 

of Aβ on mitochondria, but also of compromised Ca2+ homeostasis. In fact, an overload 
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of Ca2+ induced by Aβ, through the activation of ionotropic NMDAR causes mitochondrial 

membrane depolarization increasing oxidative stress and neurotoxicity (Alberdi et al., 

2010; Perluigi et al., 2016 Hardingham, and Bading, 2003, Ferreira et al., 2015). Of note, 

cell susceptibility to ROS neurotoxic effects varies according to its content in superoxide 

dismutase (SOD) enzyme, one of the major antioxidant proteins (Guo and Du, 2017), 

and according to its capacity to bind Aβ peptide (Simakova, 2007). Thus, cells with a 

high content of SOD and a low capacity to bind Aβ are less susceptible to oxidative 

stress. Interestingly, high mPTP pore opening, resulting from increased intracellular Ca2+ 

and ROS levels, causes ΔΨm dissipation and reduced oxidative phosphorylation 

(Webster, 2012). Notably, brain tissue analysis of transgenic mice that start developing 

amyloid plaques at 6 months of age shows a reduced ATP content, suggesting 

mitochondrial dysfunction (Zhang et al., 2015). Moreover, in mice overexpressing human 

mutant APP, Aβ peptide can accumulate with mitochondria in the brain correlated with 

decreased mitochondrial activity of complexes III and mainly IV (Hansson Petersen et 

al. 2008) (Figure 6). 

 

 

 

Figure 6-Representation of main mitochondrial mechanisms potentially affected in AD 
onset. Consistent reports have demonstrated a close link between mitochondrial dysfunction and 
the main protein hallmarks in AD, Aβ and tau. Thus, altered mitochondrial morphology, reduced 
glucose and oxygen consumption, impaired respiratory chain activity (complex IV) and damage 
mitochondrial DNA appear to be relevant triggers of AD pathogenesis (Monzio et al., 2020) 
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Mitochondrial dysfunction in AD is also associated to changes in mitochondrial transport. 

In hippocampal neurons treated with AβO a decrease in the number of motile 

mitochondria, in their velocities and run length was observed (Calkins and Reddy, 2011; 

Rui, et al., 2006; Rui and Zheng, 2016; Kim et al., 2012). Interestingly, AβO treatment 

caused higher damages in the transport of dendritic mitochondria than axonal 

mitochondria (Rui and Zheng, 2016). Furthermore, hyperphosphorylated Tau caused 

impairments in axonal transport, resulting in abnormal localization and distribution of 

mitochondria and consequently, axonal damage and synapse degeneration (Kopeikina 

et al., 2012). Both Aβ and hyperphosphorylated Tau interact with DRP1 causing higher 

mitochondrial fragmentation and consequent synaptic deficits (Manczak and Reddy, 

2012). In addition, Aβ-induced abnormal mitochondrial dynamics. Thus, changes in the 

expression and distribution of mitochondrial fission and fusion proteins in AD brain were 

observed (Wang, et al., 2009). The rates at which fusion and fission occur may also 

dictate the dysfunctional process in neurological diseases. Indeed, mitochondrial fusion- 

and fission-related proteins levels were deregulated in the hippocampus of AD patients. 

DRP1 protein was shown to be increased, whereas fusion proteins, namely Mfn1, Mfn2 

and OPA1, were downregulated (Oliver et al., 2019), thus promoting mitochondrial 

fission. Similar results were observed in APP transgenic mice, and data were further are 

correlated with dendritic spine loss and neuronal dysfunction (Manczak et al., 2018). 

Importantly, impairment in mitochondrial fusion affects mitochondrial distribution by 

accumulating mitochondria in neurite branches thus preventing cargos to move towards 

critical neural places, such as synapses, compromising neural activity (Chen et al., 

2007). 

 

 

1.4 The tyrosine kinase protein Src 

1.4.1 General features 

Src protein belongs to the Src kinase family (SFK), a family of non-receptor tyrosine (Tyr) 

kinases formed by eleven members that are grouped into two subfamilies: 1) the Src-

related group constituted by Src, Yes, Fyn, Fgr, Frk, Srm; and 2) the Lyn-related group, 

constituted by Lyn, Hck, Lck, Brk and Blk. SFK members are expressed ubiquitously and 

involved in a vast range of functions, namely cell survival, proliferation, differentiation, 

stress response, cell death, gene expression and neural function regulation. 
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Starting from the N-terminal to the C-terminal, members of SFKs share a similar domain 

arrangement being constituted of a Src homology 4 domain (SH4), a unique domain, 

SH3 domain, SH2 domain, SH1 domain (the catalytic domain) and finally, a regulatory 

domain. SH4 domain is a short sequencing of 15 a.a. that holds the N-terminal of SFKs 

and possesses a 14-carbon myristoyl group that promotes the attachment of Src kinases 

to cell membranes. The SH3 domain (sequence of 60 a.a.) interacts with proline rich 

domains from receptors and can suffer phosphorylation that will eventually modulate the 

interactions between Src and its targets (Winkler et al., 1993; Johnson et al., 2000; Chen 

et al., 2001). Between SH3 and SH4 is the unique region that is different between Src 

members in 50-70 a.a. The SH2 domain (sequence of 90 a.a.) is a non-catalytic segment 

that plays an important role in the recognition of phosphorylated Tyr segments. Both SH3 

and SH2 domains participate in the regulation of SFK interactions with other proteins 

and in the modulation of its enzymatic activity. SH1 domain constitutes a catalytic domain 

that holds a Tyr-416 residue fundamental for the regulation of kinase activity (Parsons 

and Parsons, 2004). The regulatory domain (sequence of 15-17 a.a.) is located at the C-

terminal, retaining a Tyr-527 residue that, when phosphorylated, binds intramolecularly 

to the SH2 domain, causing the inhibition of Src activity. This mechanism is mediated by 

Src-specific kinase Csk and Chk (protein kinase that negatively controls the activity of 

the SFK) (Boggon and Eck, 2004). Therefore, Tyr-527 phosphorylation stabilizes a 

closed conformation of the protein binding the SH2 and SH3 domains, suppressing the 

kinase activity towards its substrates, whereas phosphorylation at Tyr-416 promotes an 
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elevated kinase activity by stabilizing the activation loop in a manner permissive for 

substrate binding (Figure 7).  

 

Of note, the equivalents in humans to residues Tyr-416 and Tyr-527 in mice are, 

respectively Tyr-418 and Tyr-530 (Fuss et al., 2008; Irby and Yeatman, 2000). 

Importantly, Tyr-527 is also susceptible to suffer dephosphorylating by phosphatases: 

PTP1B, Shp1 and Shp2 (Baker et al., 2000). Moreover, SFK activity is up regulated by 

ROS through the oxidation of cysteine groups on protein tyrosine kinases. These 

processes occur in the SH1 and SH2 domains, mainly at Cys245, Cys-487, Cys-277, 

and Cys-185 residues, inducing a change in the conformation of Src kinase into an open 

state and consequently, into its active form (Giannoni et al., 2005; Heppner et al., 2018). 

Notably, calmodulin (CaM) promotes Src activation since, when Src is in the closed state 

and when basal concentration of cytosolic Ca2+ is low, after a receptor-mediated 

signalling process, occurring the dephosphorylation of Tyr-527 by phosphatases and its 

activation upon Ca2+ free-calmodulin (apo-CaM) binding. Furthermore, Src induces 

phosphorylation of phospholipase Cγ (PLCγ), which produces inositol-1,4,5-

trisphosphate (IP3) and consequently releases Ca2+ from intracellular stores, increasing 

Figure 7-c-Src activation mechanism. In a) Src closed conformation is sustained through 
interactions of SH2 and SH3 domains and the phosphorylated C-terminal tail, in this 
conformation, the A loop helix that interacts with subtract binding protects from phosphorylation 
at Tyr-416. b) When C-terminal tail suffers dephosphorylating or competitive binding of ligands 
to optimal SH2/SH3 kinase domain, this opens disrupting A loop helix and exposing Tyr-416 to 
phosphorylation. c) After Tyr-416 phosphorylation occurs c-Src rearrangement and activation (Xu 
et al., 1999). 
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its cytosolic levels and forming the Ca2+/CaM complex. Notably, Src activity declines after 

formation and binding of the Ca2+/CaM complex because it acts as a negative feedback 

(Anguita and Villalobo, 2017), suggesting that Src activity is more efficient in the 

presence of low levels of cytosolic Ca2+. 

 

1.4.2 Src and mitochondria 

The SFK members can be found in numerous subcellular compartments, including 

mitochondria, where tyrosine phosphorylation plays a fundamental role in the regulation 

of mitochondrial pathways and function (Hebert-Chatelain, 2013). Five members of the 

SFK (Src, Fyn, Lyn, Yes and Lck) were found in the intermembrane space of 

mitochondria, where they modulate mitochondrial activity (Salvi et al., 2002; Ohnishi et 

al., 2011). Regarding Src, reports have demonstrated that the association of Src with 

mitochondria results from constant movements of import and export since it is not located 

in the mitochondria. In fact, its translocation into the organelle relies on protein adaptors 

namely, two anchoring proteins: Kinase Anchor Proteins 121 (AKAP121) and 

Downstream of tyrosine kinase 4 (Dok-4) (Livigni et al., 2006). AKAP121 is found in the 

IMM with Src and Lyn, where it binds to protein tyrosine phosphatase D1 (PTPD1), 

anchoring Src to the OMM by activating PTPD1. AKAP121 enhances COX activity, ΔΨm 

and ATP oxidative synthesis in a Src and PKA-dependent manner (Livigni et al., 2006).  

A wide set of mitochondrial proteins suffer phosphorylation in Src–overexpressing HEK 

293 cells, which suggests that Src catalyses Tyr phosphorylation of mitochondrial 

proteins, particularly ithe COX subunits, and potentially regulates energy production 

(Miyazaki et al., 2003). Of note, Tyr phosphorylation in the subunit II of COX is mandatory 

for the activity of mitochondrial electron transport chain, whereas the phosphorylation of 

subunit I, in cooperation with cAMP-dependent pathway, inhibits mitochondrial 

enzymatic activity of complex IV (Ogura ate al., 2012). In its turn, Dok-4 is involved in 

Src translocation into mitochondria in bovine endothelial cells. Interestingly, a decrease 

of Dok-4 induces an extra-mitochondrial localization of Src (Lim, et al., 2016). Src also 

phosphorylates NADH dehydrogenase flavoprotein 2 (NDUFV2) at Tyr193 (complex I of 

the respiratory chain) modulating the activity of NADH dehydrogenase, thus influences 

ATP production (Ogura et al., 2014). In addition, Src modulates mitochondrial 

metabolism in cancer disease, supporting metastasis and cell proliferation, being 

detected an abnormal activity of Src in metastatic biopsies and cell lines. In the 
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metastatic tissue, an increase in Src expression is correlated with a reduced expression 

of mitochondrial complexes I and IV (Hunter et al., 2020).  

 

1.4.3 Src at glutamatergic synapses 

The SFK members, namely, Src, Fyn, Lyn, Yes and Lck are expressed in the CNS in 

differentiated, post-mitotic neurons and astrocytes. Interestingly, the levels of Src are 15 

to 20 times higher than the Src levels in fibroblasts, and its specified activity in neuronal 

cultures is 6 to 12 times higher than in astrocyte cultures, indicating its key role in 

neurons (Khanna et al., 2002). 

Src kinase is a key regulator of glutamatergic receptors, especially NMDAR, which is 

one of the main receptors in the glutamatergic synapses. Notably, PSD-95 is critical to 

locate and regulate protein Tyr kinases at NMDAR (Kalia and Salter, 2004), anchoring 

NMDAR to the post-synaptic membrane and activating the receptors. Furthermore, 

NMDAR activity requires a balance between dephosphorylation (mediated by 

phosphatases) and phosphorylation (mediated by Tyr kinases) of NMDAR subunits. The 

activity of Src depends on SH2 and SH3 domains, since, when they are compromised it 

decreases the autophosphorylation of Src in the activation loop, affecting its kinase 

activity and consequently, its capacity to phosphorylate NMDAR (Groveman, et al., 

2011). The GluN2A subunit of NMDAR is phosphorylated mainly in three residues: Tyr-

1292, Tyr-1325, and Tyr-1387 (Yang and Leonard, 2001). Of note, Fyn and Src 

phosphorylate GluN2B (located in the PSD area) at Tyr-1472 residue (Nakazawa et al., 

2006; Choi et al., 2011). Thus, Src kinases are up-regulators of NMDAR function by 

increasing single-channel gating without changing NMDAR single-channel conductance 

(Wang and Salter, 1994; Wang et al., 1996) (Figure 8). 
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Src kinases are key agents in glutamatergic synapses promoting LTP induction. The 

involvement of Src was first proposed by O'Dell which suggested that LTP induction in 

the CA1 region requires the NMDAR activity, an influx of Ca2+ and the activation of 

protein tyrosine kinases (O'Dell et al., 1991). More importantly, the activation of 

postsynaptic Src is responsible for the induction and the early stabilization of tetanic LTP 

(Huang and Hsu, 1999). The model for LTP induction proposes that a tetanic stimulation 

activates the cell adhesion kinase β (CAKβ/PYK2) and then induces Src activation, which 

overcomes the suppressed NMDAR function mediated by tyrosine phosphates, STEP. 

Furthermore, Ca2+ influx and Mg2+ decrease trigger a signalling cascade (Salter and 

Kalia, 2004) and an increased AMPAR mediated currents and the consequent LTP 

induction (Bliss and Collingridge, 1993). Thus, beyond the phosphorylation of NMDAR 

subunits, Src kinase also phosphorylates AMPAR, namely the GluA2 subunit at Tyr- 876 

(near its C-terminal), which binds GluA2 subunit to glutamate receptor interaction protein 

1 (GRIP1), a protein crucial for synaptic strengthening (Hayashi and Huganir, 2004; 

Yong et al., 2020). Furthermore, AMPAR is maintained at postsynaptic sites through α-

actinin, a critical PSD-95 anchor, which ties the AMPAR - PSD-95 complex at this 

Figure 8- Src kinase is an up regulator of NMDAR activity enhancing LTP induction. In (a) 
performing the patch-clamp technique in order to evaluate NMDAR synaptic currents and after 
the application of recombinant Src an enhancement in NMDAR synaptic currents is observed. (b) 
Higher NMDAR single-channel currents and increased NMDAR channel activity are observed in 
the presence of Src, without affecting the conductance of NMDAR (Kalia and Salter, 2004). 
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particular location in a Src-dependent manner (Matt et al., 2018; Bissen and Acker-

Palmer, 2019). 

 

1.4.4 Src kinase in AD  

One of the first evidence of SFK involvement in AD was finding a more intense labelling 

of Fyn in AD patients’ brains, when compared to healthy patients (Shirazi and Wood, 

1993). Furthermore, administration of Aβ to primary human and rat brain cortical cultures 

showed an increased Tyr phosphorylation, suggesting a possible role of Tyr kinases in 

Aβ-mediated effects (Williamson et al., 2002). Interestingly, BACE1 activity and 

consequent Aβ production are inhibited by SFK inhibitors and depletion of endogenous 

Src with RNAi, which suggests that the activity of BACE1 is regulated by Src (Zou et al., 

2007). These studies suggested a regulation loop in which Aβ leads to Src activation, 

which further increases Aβ production. Also, in this sense, the generation of Aβ requires 

the internalization of membrane-bound APP which is dependent on the activation of the 

adaptor protein Mint2, which is regulated by Src (Chaufty et al., 2012). SFK (Src and 

Fyn) are also involved in the modulation of NMDARs specially through the 

phosphorylation of GluN2B subunit, fundamental for synaptic plasticity, (Zhang et al., 

2008; Nakazawa and Yamamoto, 2002) and are involved in mediating Aβ-induced 

excitotoxicity, suggesting that increased Src activation may lead to increased NMDARs 

and further Aβ-mediated excitotoxicity. A deregulation in the Src-dependent signalling 

pathway involving GluN2B and post-synaptic actin cytoskeleton depolymerisation was 

observed in the hippocampus in early stages of AD (Mota et al., 2014). Moreover, PSD-

95 which is tethered to NMDAR at the synapse is phosphorylated by Src kinase at Tyr-

523 residue, facilitating NMDAR-mediated currents and contributing to the overactivation 

of NMDARs (Du et al., 2009). Tau protein is phosphorylated by Src. Importantly, in 

primary human and rat brain cortical cultures treated with Aβ peptide, enhanced Tyr 

phosphorylation of tau protein and actin cytoskeletal is observed (Sharma et al., 2007; 

Williamson et al., 2002). Moreover, primary murine microglia cultures exposed to AβO 

show higher neuroinflammation although, after using Src/Abl inhibitor, dasatinib 

(Dhawan et al, 2012) this Aβ-induced effect is attenuated. Furthermore, after peripherally 

injected with the c-Abl inhibitor imatinib, AD transgenic mice showed decreased levels 

of AβO measured in the plasma and brain (Estrada et al., 2017). Similarly, inhibition of 

Fyn activity also showed interesting results. In mice expressing mutant human amyloid 

precursor protein (hAPP), and presenting higher Fyn expression correlated with 

cognitive deficits, Aβ-induced memory impairments was neutralized after Tyr kinase 
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inhibition (Chin et al., 2005). Additionally, treatment of the APPswe/PS1ΔE9 AD mouse 

model with the Fyn inhibitor saracatinib, remarkably improved their spatial memory 

(Smith et al., 2018). Thus, regulation of Src activity might constitute a promising 

therapeutic strategy in AD.   

 

 

1.5 Objectives  

AD is one of the most prevalent neurodegenerative disorders worldwide, characterized 

by the accumulation of extracellular plaques and intracellular neurofibrillary tangles 

mainly composed by Aβ and hyperphosphorylated Tau, respectively. Neurons are highly 

energy-demanding cells that rely on mitochondria. Importantly, mitochondrial 

dysfunction has been associated with the progression of neurodegenerative disorders 

(Federico et al., 2012). Thus, changes in mitochondrial dynamics and function affect Ca2+ 

homeostasis and ATP production (Alberdi et al., 2010; Zhang et al., 2015), modulating 

synaptic activity and dendritic spine dynamics. In addition, the SFK is found throughout 

the brain and is involved in the regulation of a large variety of cellular processes, such 

as cell survival, presynaptic vesicles trafficking and regulation of glutamatergic receptors. 

More interestingly, Src was found in mitochondria (Ohnishi et al., 2011).  

Previously our group showed that Aβ1-42 oligomers (AβO1-42) induces mitochondrial 

hydrogen peroxide (H202) production and Src activation, which were prevented by 

antioxidants (Fão, 2016). In the present study we aimed to evaluate the impact of AβO 

on dendritic mitochondrial function and dynamics in mature hippocampal neurons, which 

are highly affected in AD, and how these changes are related with modified synaptic 

plasticity, namely through the assessment of dendritic spine dynamics. Importantly, and 

considering the role of Src in AD brain, our study also aims to assess the role of Src on 

Aβ-induced dysfunction, both in mitochondria and dendritic spines. For this purpose, the 

following specific objectives were pursued: 

 

I. Evaluate the impact of AβO1-42 on dendritic mitochondrial function and 

dynamics in mature hippocampal neurons. 

Cultured hippocampal neurons exposed to AβO suffer a reduction in the 

number of moving mitochondria and their velocity (Rui and Zheng, 2016). In 

addition, AβO1-42 induces a massive Ca2+ entry into the hippocampal neurons, 



Linking mitochondrial Src and hippocampal dendritic changes ln Alzheimer's disease 

 

31 
 

promoting mitochondrial Ca2+ overload and cause oxidative stress and 

excitotoxicity (Sanz-Blasco et al., 2008), accompanied by changes in 

mitochondrial morphology, in particular mitochondrial fragmentation 

(Martorell-Riera et al., 2014). Thus, we aimed to characterize in more detail 

the distribution and motion of mitochondria in cultured hippocampal neurons 

exposed to AβO1-42 (acute exposure and 24h incubation). Mitochondrial 

function was evaluated by determining mitochondrial Ca2+ oscillations, and 

mitochondrial dynamics was assessed through the analysis of mitochondrial 

movement and morphology (aspect ratio and circularity). 

 

II. Evaluate the correlation between mitochondrial changes and dendritic 

spine dynamics after exposure to AβO1-42 in mature hippocampal 

neurons. 

We previously demonstrated that AβO1-42 induces neuronal MTs disassembly 

in association with neurite retraction, in a process regulated by the NMDARs 

in mature hippocampal cells (Mota et al., 2012). Importantly, the long-range 

transport of mitochondria occurs along the MTs. In the CNS, mitochondria 

may be located at synapses, acting as energy suppliers, and regulating 

synaptic strengthening, stability, and signalling (Devine and Kittler, 2018). 

Importantly, changes in mitochondrial morphology and number within 

dendrites might affect the formation and maintenance of dendritic spines and 

potentially modulate synaptic plasticity (structural neuroplasticity) (Nakahata 

and Yasuda, 2018). Thus, we aimed to evaluate the morphological changes 

of dendritic spine structure (total length, head width, ratio, see Table1) and 

spine classification distribution in cultured mature hippocampal neurons 

exposed to AβO1-42 (acute and 24h exposure) and correlate these changes 

with mitochondrial changes. 

 

III. Evaluate the role of Src on Aβ-induced mitochondrial dysfunction and 

postsynaptic dendritic spine morphological changes and function in 

hippocampal glutamatergic synapses. 

Src modulates mitochondrial activity and it is also fundamental for a proper 

function of NMDARs. We previously described a deregulation in the Src-

dependent signalling pathway involving GluN2B and a post-synaptic actin 
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cytoskeleton depolymerization in the hippocampus in early stages of AD 

(Mota et al., 2014). Thus, this work aimed to evaluate the role of Src in AβO–

induced changes in mitochondrial dynamics and function and in synaptic 

plasticity using a selective Src inhibitor, SU6656. 
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CHAPTER II – MATERIALS AND METHODS 
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2.1 Materials 

Neurobasal medium, gentamicin, B27 supplement and horse serum were purchased 

from GIBCO (Paisley, UK). The synthetic Aβ1-42 peptide was obtained from Bachem 

(Bubendorf, Switzerland). Bradford protein assay was purchased from BioRad 

(Hercules, CA, USA). Acrylamide, methanol, acetic acid was purchased from Thermo 

Fisher Scientific (Rockford, IL, USA). Other analytical grade reagents were from Sigma 

Chemical and Co. (St. Louis, MO, USA). pDsRed2-Mito Vector (MitoDsRed) was 

obtained from Clontech (catalog no: 632421), pCMV6-AC-GFP Vector (GFP) was 

purchased from Orgene (catalog no: PS100010) and pCMV-CEPIA3mt was obtained 

from Addgene (catalog no: 58219). M-cherry vector was kindly gifted by Ana Luísa 

Carvalho laboratory (CNC).  

 

2.2 Primary Hippocampal Cultures  

Primary hippocampal neurons culture was prepared as described previously (Ambrósio 

et al., 2000), with some modifications. Pregnant Female Wistar rats (E17-18) were 

anesthetized using isofluorane and then sacrificed by cervical dislocation. Embryos were 

placed in isolation medium containing 120 mM NaCl, 1.2 mM KH2PO4, 5 mM KCl, 14.3 

mM glucose, 10 mM Hepes, 0.1% phenol red, pH 7.3 and hippocampus were dissected 

out. Hippocampus were mechanically digested by up and down using a micropipette in 

plating medium solution containing 84 mM MEM containing 43.3 mM NaHCO3, 33 mM 

glucose, 1 mM sodium pyruvate, 10% inactivated horse serum, pH 7.3 and cells were 

plated at a density of 4.2x104 cells/cm2 in poly-D-lysine coated glass coverslips for two 

hours in plating medium. Then, plating medium was replaced by Neurobasal medium 

supplemented with 2% B27, 25 μM glutamate, 0.5 mM glutamine and 0.12 mg/mL 

gentamicin and cells were cultured for 17 DIV in 95% air and 5% CO2. To reduce glia 

growth, 10 μM of the mitotic inhibitor 5-fluoro-2′-deoxyuridine was added to the culture 

at 72 hours in culture. One half of the medium was changed with fresh medium without 

added glutamate or 5-FDU every 7 DIV. Previous data obtained in the group evidenced 

the presence of 1.7% of astrocytes in our cultures. All animal experiments were carried 

out in accordance with the guidelines of the Institutional Animal Care and Use of 

Committee and the European Community directive (2010/63/EU) and protocols 

approved by the Faculty of Medicine, University of Coimbra (ref: ORBEA_211_2018) and 

the Direção Geral de Alimentação e Veterinária (DGAV, ref: 0421/000/000/2019). All 
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efforts were made to minimize animal suffering and to reduce the number of animals 

used. 

 

 2.3 AβO1-42 Preparation 

AβOs were prepared from synthetic Aβ1–42 peptide according to a previously described 

protocol (Klein, 2002). Briefly, synthetic Aβ peptide was dissolved in cold 1,1,1,3,3,3-

hexafluoro-2-propanol (HFIP) to a final concentration of 1 mM and aliquoted. The 

peptide—HFIP solutions were incubated at room temperature for 60 min, with the vial 

closed and then was back on ice for 5-10min. HFIP was first evaporated overnight in the 

hood at room temperature and then removed in a Speed Vac (Ilshin Lab. Co. Ltd., Ede, 

The Netherlands), and dried HFIP film was stored at −20ºC. When necessary, the 

peptide film was resuspended to make a 5 mM solution in anhydrous dimethyl sulfoxide 

and then dissolved in phenol red-free Ham’s F-12 medium without glutamine to a final 

concentration of 100 μM, and incubated overnight at 4°C. The preparation was 

centrifuged at 14,000 ×g for 10 min at 4°C to remove insoluble aggregates, and the 

supernatant containing soluble oligomers and monomers was transferred to pre-

lubricated clean tubes (Costar) and stored at -20°C. Protein content was determined by 

using the BioRad protein assay and quantified by using a microplate reader Spectra Max 

Plus 384 (Molecular Devices, USA). The presence of different assembly peptide forms 

(monomers, oligomers and/or fibrils) in the preparation was evaluated by 4–16% non-

denaturing Tris–Tricine PAGE gel electrophoresis and further staining with Coomassie 

blue. Typically, our preparations evidence only oligomers from 16 to 24 kDa, no fibrils 

and no monomers visible in the gel.  

 

2.4 Cell Transfection 

Primary hippocampal neurons were transfected when still immature at 8 DIV using 

calcium phosphate co-precipitation protocol. Briefly, 4 coverslips were placed in a 60 mm 

petri dish with 4 mL of fresh Neurobasal medium supplemented with B27 plus 1 mL of 

cell conditioned Neurobasal medium. A solution 1 was prepared adding sequentially TE 

solution (in mM: 1 Tris-HCl, 1 EDTA, pH 7.3), 1 μg of plasmid per coverslip and 2.5 mM 

CaCl2 (in 10 mM Hepes, pH 7.2) added dropwise to a final volume of 150 μl. Then, 

solution 1 was mix dropwise with an equal volume of solution 2, 2x HBS (in mM: 12 

dextrose, 50 Hepes, 10 KCl, 280 NaCl and 1.5 Na2HPO4.2H2O, pH 7.2) using a 
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micropipette while bubbles were made in the microtube using another micropipette. The 

transfection solution was added to the cells dropwise and incubated for 1h30m (at 37ºC, 

5% CO2). Transfection medium was then removed, and precipitates dissolved using 5 

ml of Stop solution containing 20 mM Hepes in Neurobasal medium (pH 6.8). Cells were 

washed 3 times with PBS composed by 136.9 mM NaCl, 8.10 mM Na2HPO4, 1.5 mM 

KH2PO4, 2.7 mM KCl, pH 7.3, and then return to their initial culture plate. 

 

2.5 Live-Cell Imaging-Calcium Fluorescence  

Hippocampal neurons were co-transfected with M-cherry and CEPIA3mt plasmids, 

kindly gifted by Ana Luísa Carvalho’s laboratory (CNC) and Matsamitsu lino’s laboratory 

(Japan) respectively, to fill in the cell and follow mitochondrial Ca2+ flux. In fact, CEPIA 

(calcium-measuring organelle-entrapped protein indicators) 3mt is a mitochondrial green 

fluorescent with a moderately low affinity for calcium that allows to follow Ca2+ levels 

within mitochondria by direct detection of fluorescence (Suzuki et al., 2014). 

Mitochondrial Ca2+ was recorded for 10 min in Mg2+-free Na+ medium (containing 140 

mM NaCl, 5 mM KCl, 1 mM CaCl2, 1 mM MgCl2, 10 mM glucose, 10 mM Hepes, pH 

7.4/NaOH) supplemented with 20 μM glycine and 30 μM serine to maximize NMDAR 

activation, using a 40x objective, on a Carl Zeiss Axio Observed Z1 inverted confocal 

microscope, using the CSU-X1M spinning disc technology (Zeiss, Jena, Germany). 

Parameters of acquisition were one image per 5 sec before stimulus and one image per 

2 sec after stimulus. Differences of mitochondrial Ca2+ levels between conditions were 

assessed by calculation of the fluorescence variation after 1 µM AβO1-42 stimulus, in the 

presence or absence of 5 µM SU6656, and after maximal mitochondrial depolarization 

using the formula ΔF/F0 ratio (where ΔF= F–F0, F represents the calcium fluorescence 

after stimulus and F0 the Ca2+ resting fluorescence intensity) in a defined region of 

interest (ROI), corresponding here to a neurite. Maximal mitochondrial depolarization 

(mmp collapse) was achieved by adding a protonophore (0.5 μM carbonyl cyanide-4-

(trifluoromethoxy) phenylhydrazone (FCCP)). Variation of fluorescence in neuritis was 

assessed using the Time Series Analyzer V3 plugin (software FIJI). Data were then 

analyzed using Excel (Microsoft, Seattle, WA, US).  
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2.6 Mitochondrial Movement Analysis 

MitoDsRed plus GFP co-transfected hippocampal neurons were washed and incubated 

in Na+ medium supplemented with 20 μM glycine and 30 μM serine at 37°C for 

mitochondrial movement studies. Neuronal projections were imaged every 2 seconds for 

a total of 601 frames (during 10 min), using a 63x objective with NA=1.4, on a Carl Zeiss 

Axio Observed Z1 inverted confocal microscope, using the CSU-X1M spinning disc 

technology (Zeiss, Jena, Germany). When necessary, histograms were matched to the 

first frame to correct fluorescence variations using Bleach Correction plugin developed 

by Miura and Rietdorf (2014), and time lapse-dependent x-y drift was corrected by 

applying the TurboReg plugin. Then, mitochondrial movement analysis was performed 

using the KymoAnalyzer package of macros (Newman et al., 2017) in FIJI following 

authors instructions in which a ROI was defined as a neurite (traced using the GFP 

image). Of note, the velocity of all moving mitochondria is calculated as the slope of 

kymograph lines. We then selected relevant parameters considering the specificity of 

mitochondrial movement, namely density, type of movement, percentage of time in 

pause, anterograde and retrograde movement, run length, segmental velocity, and 

switch. Briefly, to calculate segmental velocity, the macro only considered the segments 

of the mitochondria which were moving and, when mitochondria presented a complex 

movement composed by different segments, we calculated the average velocity per 

mitochondria using the information provided by the automatic analysis.  

 

2.7 Morphology Analysis 

Analysis of mitochondrial morphology was performed in images of neuronal projections 

(MitoDSRed plus GFP) acquired using a 63x objective with NA=1.4, on a Carl Zeiss Axio 

Observed Z1 inverted confocal microscope using the CSU-X1M spinning disc technology 

(Zeiss, Jena, Germany) obtained after acquisition of mitochondrial movement. The 

macros AutoROI and MitoProtAnalyser for FIJI were applied to assess the following 

parameters per mitochondrion: aspect ratio and circularity. AutoROI was used to define 

ROIs (e.g. a neurite), whereas mitochondrial morphological parameters within the ROI 

were extracted using MitoProtAnalyser. Importantly, some adaptations were performed 

in the original code of MitoProtAnalyser considering the type of information pretended 

and the properties of the Z-Stacks acquired. The first correction was in the function 

“protpresence”’ where protein channel was set to 1 corresponding to the filling channel 

(GFP) in the Z-stack image, thus removing the protein analysis of mitochondria. Besides, 
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(1) 

in the function ‘mitos’ the channel was set to 2 corresponding to mitochondria 

(MitoDsRed) in our Z-stack. Finally, we added a pause in the code in order to extract 

information (aspect ratio and circularity) per mitochondrion within a ROI instead of only 

obtaining an average value for the initial ROI defined. This last modification also allowed 

us to see the mitochondrial mask (Figure 9) designed by the macro, which is an 

important step to validate our model. 

 

 

 

 

 

 

 

 

 

 

 

Figure 9-Main steps of MitoProtAnalyser a macro for FIJI/imageJ. Z-stack obtained in 
Spinning disk confocal microscope (A); ROI containing a neuronal extension with mitochondria 
target for morphological evaluation (B); Mitochondrial mask (C). 

 

The morphological parameters used to analyse mitochondrial morphology were: 

 

- Mitochondrial aspect ratio, the ratio between the major and minor axes of a fitted 

ellipse: 

Aspect ratio =
Major Axis

minor Axis
 

 

-  Mitochondrial circularity, where a value of 1 indicates a perfect circle, whereas 

values as close to 0 indicate increasingly elongated shape mitochondria. 
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(2) 𝐶𝑖𝑟𝑐𝑢𝑙𝑎𝑟𝑖𝑡𝑦 =  
4πArea

𝑃𝑒𝑟𝑖𝑚𝑒𝑡𝑒𝑟2
 

 

2.8 Spine Morphology Analysis 

Spine morphology analysis was performed in images of neuronal projections (GFP) 

acquired using a 63x objective with NA=1.4, on a Carl Zeiss Axio Observed Z1 inverted 

confocal microscope using the CSU-X1M spinning disc technology (Zeiss, Jena, 

Germany) obtained after acquisition of mitochondrial movement. Average intensity Z-

projections were obtained using FIJI/ImageJ; image brightness and contrast levels were 

adjusted for better visualization using the Brightness and Contrast tool of the software. 

We then performed an image segmentation through the creation of a binarize image 

using the SpineJ plugin for FIJI/Imagej and dendritic spine parameters (length and width) 

were measured using the segmented and straight-line selection tool of ImageJ, to 

measure manually the total length and width of the spines. Different classifications were 

obtained based on spine parameters of Table 1. 

 

Table 1-Spine classification according to the head, length and width. The ratio between 
spine width and length is used to determinate the classification of a spine in a set of four possible 
categories: Filopodia, Stubby, Thin and Mushroom (Olaya et al., 2015). 

 

2.9 Statistical Analysis 

Data were expressed as the mean ± SEM of the number of experiments or elements 

(neuritis or mitochondria) indicated in the figure legends. The normal distribution of each 

population was analysed and all experimental groups were considered non-parametric. 

Thus, comparisons among multiple groups (relative to control or to AβO treatment) were 

performed by non-parametric one-way analysis of variance (ANOVA), followed by the 

Kruskal-Wallis Multiple Comparison post-hoc test. Mann-Whitney U-test was also 

performed for comparison between two populations, as described in figure legends. 

Significance was defined as p<0.05.  
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CHAPTER III – RESULTS 
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3.1 AβO1-42 alters neurite mitochondrial movement in mature hippocampal 

neurons – influence of Src 

Previous studies evidence that exposure to AβO in primary hippocampal cultures 

decreases the number of motile mitochondria, their velocity and run length (Calkins and 

Reddy, 2011; Rui and Zheng, 2016), compromising the energy supply of synapses and 

ultimately causing their loss, a neuropathological feature observed in AD.  

Src is found within mitochondria, where it participates in the modulation of its activity 

(Hebert-Chatelain, 2013). Moreover, Src is involved in the regulation of NMDAR (Yang 

and Leonard, 2001) and consequently in local Ca2+ influx modulation, which per se 

regulate mitochondrial movement (Lovas and Wang, 2013).  

In this context, we investigated the role of Src in AβO-induced mitochondrial movement 

changes using a specific inhibitor, SU6656 (5𝜇M). The effect of AβO1-42 was tested for 

10 min and 24h treatment (Aβa and Aβ24h, respectively). We also assessed the 

involvement of NMDARs using MK-801 (10𝜇M), a NMDAR non-competitive antagonist.  

Figure 10 shows the categorization of mitochondria according to its motion state using 

the results from the Net Cargo Population macro from the KymoAnalyzer plugin. Our 

data evidence no significant changes in the type of movement distribution of 

mitochondria between conditions (Figure 10A). Fig. 10Aii and iii show a trend for an 

increase in mitochondrial anterograde movement, associated to a decrease in the 

retrograde movement, following exposure to AβO1-42 for 24h. 
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Figure 10-Mitochondrial distribution parameters and respective kymographs following 
exposure to AβO1-42 in hippocampal neurons.  Mitochondrial distribution parameters were 
assessed in mature hippocampal neurons co-transfected with MitodsRed (red) and GFP plasmids 
and treated with 1 𝜇M AβO, for 10 min and 24h. Neurons were pre-incubated with 10 𝜇M MK-801 
or 5𝜇M SU6656. Mitochondrial movement was recorded for 10 min using a Spinning disk confocal 
microscope and analyzed using the Fiji software and the KymoAnalyzer pluggin that (A) 
categorizes mitochondria based on their directionality of movement and fraction of mitochondria 
moving in anterograde (ii), retrograde (iii) directions, or those that are stationary (i). (B) shows 
representative kymographs of MitodsRed-labeled mitochondrial transport in neurites. The 
kymograph was generated from a 10 min movie (301 frames, 1 frame every 2 sec). Scale bar: 50 
μm. Data are the mean ± SEM of n=5-9 experiments, 5 to 10 dendrites per experiment. 

 

Besides classifying particle trajectories, the Kymoanalyzer plugin also systematically 

calculates velocities, pauses and other movement parameters, which are depicted in 

Figure 11. Figure 11A shows the average run length traveled by a single mitochondrion. 

Although, exposure to Aβ did not induce significant changes in run length for anterograde 

and retrograde movement (Figure 11 Ai and ii, respectively), data evidence a tendency 

for decreased run length in anterograde movement after Aβ treatment. Figure 11B 
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depict the average segmental velocity of mitochondria along the experiment. Importantly, 

to calculate the average velocity, the pluggin only takes into consideration the moments 

when the particle is moving during the acquisition, discarding the stationary episodes. 

Our data evidence no effect of AβO1-42 on anterograde movement regarding the 

mitochondrial velocity; however, we observed a significant increase in mitochondrial 

velocity in retrograde movement after 10 min exposure to Aβ, which was maintained after 

24h (Figure 11 Bii). Interestingly, pre-treatment with MK-801 (NMDAR antagonist) 

prevented this increase, while SU6656 exacerbated it (Figure 11 Bii). Data depicted in 

Figure 11 C indicate the percentage of time each mitochondrion remained stationary, in 

anterograde and retrograde movement. Results indicate a significant decrease in the 

percentage of time in which mitochondria remained stationary after 10 min exposure to 

Aβ, when compared to control condition, which was not maintained after 24h. This effect 

was not prevented neither by MK-801, nor by Src inhibition (Figure 11 Ci). Interestingly, 

concomitantly with a decrease in time spend stationary, a significant increase in the 

percentage of time spend in anterograde and retrograde (Figure 11 Cii and iii, 

respectively) was observed. Notably, pre-treatment with MK-801 significantly decreased 

Aβa-induced increase in retrograde movement (Figure 11 Ciii). In D, we assessed the 

average number of movements switch each mitochondrion performed during the 

acquisition. Results evidence a significant increase in the number of switch per 

mitochondrion after acute exposure to AβO1-42 (Figure 11 D), which was not prevented 

by MK-801 or SU6656. 
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Figure 11-Mitochondrial movement parameters in hippocampal neurons treated with AβO1-

42. Mitochondrial movement parameters were assessed in mature hippocampal neurons co-

transfected with MitodsRed (red) and GFP plasmids and treated with 1 𝜇M AβO for 10 min or 24h 



Linking mitochondrial Src and hippocampal dendritic changes ln Alzheimer's disease 

 

46 
 

versus non-treated (Control, Ctl) conditions. When indicated, neurons were pre-incubated with 

10𝜇M MK-801 or 5 𝜇M SU6656. Mitochondrial movement was recorded for 10 min using a 

spinning disk confocal microscope and analyzed using the Fiji software and the KymoAnalyzer 

pluggin. Mitochondrial run length corresponds to the distance traveled per mitochondrion in a 

neurite (A) in anterograde movement (i) and retrograde movement (ii). Segmental velocity (B) is 

calculated from combined segments in moving anterograde mitochondria and (i) retrograde 

mitochondria (ii). The percentage of time in motion (C) describes the percentage of time in which 

a particle is in anterograde motion (i), pausing (ii) or retrograde motion (iii), throughout the period 

of imaging. Mitochondria switch corresponds to the number of changes in movement type per 

mitochondria during the acquisition (D). Movie of mitochondrial movement was generated during 

10 min acquisition at the rate of 1 frame every 2 sec (301 frames total). Data are the mean ± SEM 

of n=9 experiments, considering 5 to 10 dendrites per experiments. Statistical analysis: (A) 

##p<0.01 versus Aβa, #p<0.05 versus Aβa and $p<0.05 Aβa+MK-801 versus Aβa+SU6656 

(Kruskal- Wallis, followed by Dunn’s test); (B) ##p <0.01 versus Aβa, ####p<0.0001 and 

$$$$p<0.0001 Aβa+MK-801 versus Aβa+SU6656 (Kruskal-Wallis) (C) *p<0.05 versus control 

(Ctl) (Kruskal-Wallis, followed by Dunn’s test), ## p<0.01 versus Aβa, tt p<0.01 versus Ctl (Mann-

Whitney test) and tp<0.05 versus Aβa (Mann–Whitney) (D) tp<0.05 versus Ctl (Mann-Witney) and 

#p<0.05 versus Aβa (Kruskal – Wallis followed by Dunn’s test). 

 

 

3.2 AβO1-42 impact on neurite mitochondrial morphology in a Src 

dependent manner 

Considering the effects of AβO1-42 on mitochondrial function previously observed by the 

group (Fão, 2016; Ferreira et al., 2015) and the impact of Aβ on mitochondrial dynamics 

(Wang, et al., 2009) herein, we analysed the effect of AβO1-42 on mitochondrial 

morphology-associated parameters as well as the role of NMDARs and Src kinase. 

Results depicted in Figure 12B evidence that AβO1-42 do not affect mitochondria density, 

neither after 10 min, nor after 24h of exposure. Interestingly, results evidence a 

significant decrease in mitochondrial aspect ratio (Figure 12C) and increase in 

mitochondrial circularity (Figure 12 D) after 10 min exposure to AβO1-42 which is 

maintained after 24h. These results suggest a decrease in length and in mitochondrial 

shape complexity probably correlated with increased fragmented organelle (Miyazono et 

al., 2018). Importantly, pre-treatment with SU6656 and with MK-801 significantly 

reverted AβO1-42 effect, suggesting that Aβ–induced mitochondrial fragmentation occurs 

in a Src- and NMDAR-dependent manner. 
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Figure 12-Mitochondrial morphology evaluation in mature hippocampal neurons exposed 
to AβO1-42. Mature hippocampal neurons co-transfected with MitodsRed (red) and GFP plasmids 
were treated with 1 𝜇M AβO for 10 min and 24h and, when indicated, the involvement of NMDARs 

and Src kinase were assessed using 10𝜇M MK-801 and 5 𝜇M SU6656, respectively. Images of 
neuritic mitochondria were acquired using a spinning disk confocal microscope, and mitochondrial 
morphology parameters were assessed. (A) Representative masks of mitochondrial obtained 
using macros AutoROI and MitoProtAnalyser for FIJI/ImageJ (Scale bar: 10𝜇m). (B) Mitochondrial 
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density (average number of mitochondria per 𝜇m and per neurite). (C) Aspect Ratio and (D) 
Circularity. Data are the mean ± SEM of n=5 experiments, considering 5 to 10 dendrites per 
experiment. Statistical analysis: (C) **p<0.01, ***p<0.001 and ****p<0.0001 versus Ctl, ##p<0.01, 
and ####p<0.0001 versus Aβa (Kruskal – Wallis followed by Dunn’s test) and tp<0.05 versus Aβa 
(Mann-Witney test). 

 

3.3. AβO1-42-induce decrease mitochondrial Ca2+ retention in hippocampal 

neurites  

Ca2+ is an important enhancer of synaptic transmission and a key regulator of 

mitochondrial function. Importantly, Aβ-induced oxidative stress and Ca2+ rise lead to 

neurons apoptosis (Sanz-Blasco et al., 2008). Furthermore, Src can be found in neuronal 

mitochondria controlling its activity (Hebert-Chatelain, 2013). Thus, considering the close 

relationship between Ca2+ homeostasis and mitochondrial function we examined the 

effect of AβO1-42 on mitochondrial Ca2+ levels and whether Src modulation could 

influence this effect in mature hippocampal neurons. Mitochondrial Ca2+ variations were 

measured using the CEPIA3mt plasmid as described in Material and Methods.  

Acute treatment with AβO1-42 (1 µM) induced a transient increase in mitochondrial Ca2+ 

levels (Figure 13 Ai and Bii). Importantly, our preliminary results suggest that this Ca2+ 

rise might be diminished following inhibition of Src kinase (Figure 13 Ai). To evaluate 

the mitochondrial Ca2+ accumulation under control, after an immediate exposition to 

1AβO1-42 in the presence or absence of pre-incubated 5 µM SU6656 (t=10min), we 

induced mitochondrial complete depolarization using the mitochondrial uncoupler FCCP. 

Results depicted in Figure 13 Aii evidence that although AβO induce mitochondrial Ca2+ 

influx, the total amount of mitochondrial Ca2+ accumulated was significantly lower than 

under control/untreated conditions; these data suggest that the mitochondrial 

depolarization induced by AβO1-42 under the same experimental conditions (Fão, 2016) 

might impair mitochondrial ability to retain Ca2+. Indeed, a time-dependent mitochondrial 

Ca2+ release was observed following exposure to AβO1-42 (Figure Bii). Preliminary data 

do not evidence any role of Src in the regulation of AβO1-42 -induced mitochondrial Ca2+ 

uptake (Figure 13 Aii). 
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Figure 13-Mitochondrial Ca2+ levels assessed using CEPIA3mt plasmid in mature 
hippocampal neurons treated with AβO1-42. Ca2+ variations were assessed in mature 
hippocampal neurons co-transfect with CEPIA3mt and M-cherry plasmids. CEPIA3mt 
fluorescence was followed using a spinning disk confocal microscope. The immediate effect of 1 
µM AβO (Aβa) was evaluated in the absence or presence of 5 µM SU6656, and mitochondrial 
Ca2+ content assessed after complete mitochondrial depolarization using FCCP (2 μM). Image 
acquisition was performed every 5 seconds during the acquisition of basal fluorescence and every 
2 seconds after addition of stimuli. (A) Data were plotted as ΔF/F0 (where ΔF= F–F0, F represents 
the calcium fluorescence after stimulus, and F0 the Ca2+ resting fluorescence intensity). (B) 
Representative graphics of CEPIA3mt fluorescence variation along time, normalized to basal 
(F/F0). Condition of no treatment (Ctl, control) and the application of 0.5 µM FCCP (t=70 s); 
application of 1 µM Aβa (t=150 s) and 0.5 µM FCCP (t=520 s); Data were analysed per 
mitochondrion and are the mean ± SEM of n=5 experiments for Ctl condition, n=3 experiments 
for Aβa condition and n=1 experiments for Aβa+SU6656 condition, considering 5 to 10 dendrites 
per experiment. Statistical analysis: (A) ttp<0.01 versus Ctl (Mann-Witney test), ****p<0.0001 
versus Ct (Kruskal – Wallis followed by Dunn’s test). 
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3.4 AβO1-42 seem to induce a fast increase in mushroom spine content in 

hippocampal dendrites dependent on Src  

Dendritic spines are organized structures of F-actin that undergo modifications during 

synaptic plasticity; indeed, spine volume increases after LTP induction (Borczyk, 2019). 

Consistent reports have established a link between decreased synaptic plasticity and 

abnormalities in dendritic spines; as such, spine morphology seems to underlie impaired 

synaptic plasticity observed in AD (Dickstein et al., 2010).  

We previously evidence a deregulation in Src-dependent signalling pathway involving 

GluN2B subunits, concomitantly with postsynaptic actin cytoskeleton depolymerisation 

in the hippocampus of young 3xTg-AD mice (Mota et al., 2014). Thus, in this work, we 

performed a preliminary spine morphology analysis in dendrites of hippocampal neurons 

treated with AβO1-42, for 10 min (acute exposure) or 24h (prolonged exposure) and 

evaluated the involvement of Src. Data demonstrated that AβO acutely (after 10 min 

exposure) induced a significant reduction in the length of spines that was accentuated 

after 24h (Figure 14 Bi). This effect seems to be significantly counteracted by the 

inhibition of Src kinase with SU6656 (Figure 14 Bi). Although the analysis of spine width 

did not evidence significant differences between any of the experimental conditions 

tested (Figure 14 Bii), the replotting of width and length data into the ratio width/length 

(Figure 14 Biii) evidenced a significant increase in hippocampal neurons treated with 

AβO for 10 min which was promoted over time and was significantly prevented by 

SU6656. This ratio was then used to classify spines: thin, stubby and mushroom (see 

Materials and methods) (Figure 14 C), to assess spine population’s distribution. 

Preliminary data suggest that AβO treatment (10 min and 24h) induces an increase in 

mushroom and stubby spines, while the percentage of thin spines is decreased (Figure 

14 C). These results suggest that Aβ may trigger spine maturation (mushroom spines) 

in an initial phase increasing the number of stubby spines that generally results from the 

degradation of mushroom spines (Popugaeva et al., 2015). Interestingly, data suggest 

that Src inhibition does not affect spine maturation but may prevent their degradation 

(Figure 14C).  
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Figure 14-Dendritic spines morphology in mature hippocampal neurons treated with AβO1-

42. Using the images obtained from the analysis of mitochondrial movement, a binerize image 
from a Z-stack composed image was created. Spine parameters, namely total spine length and 
width, were manually measured using the straight- and segmented-line tool from FIDJI/imageJ in 
hippocampal neurons treated with 1 𝜇M Aβ for 10 min (acute exposition) or 24h (prolonged 
exposition). The involvement of Src kinase was assessed using SU6656 (5 𝜇M). (A) 

Representative images (binerize images) from dendritic spines (scale bar: 25 𝜇m). (B) Spine 
Length (i), Spine Width (ii) and Spine Ratio (iii). (C) Dendritic spines distribution according to their 
classification: thin, mushroom, and stubby. Data are the mean ± SEM of n=2 considering an 
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average of 100 spines per n. Statistical Analysis: (B) ****p<0.0001 versus Ctl, ####p<0.0001 versus 
Aβ (Kruskal – Wallis followed by Dunn’s test), ttp<0.01 versus AβO (Mann- tp<0.05 versus AβO 
(Mann-Whitney test) (C). 
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CHAPTER IV – DISCUSSION AND CONCLUSIONS 
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4.1 Discussion 

Aβ exposure was previously shown to induce impairments in mitochondrial motility and 

function that may precede the synaptic disturbances observed in AD (Trushina et al., 

2012; Cai and Tammineni, 2017). Du and co-authors observed that low concentrations 

of Aβ (0.2 µM) in hippocampal culture neurons from transgenic mice overexpressing 

human APP interfered with mitochondrial trafficking, reducing the number of moving 

mitochondria (Du et. al., 2010). Rui et al. reported that 20 µM Aβ25-35 caused a significant 

reduction in the percentage of moving mitochondria in hippocampal neurons already 

after 10 min treatment which became more pronounced after 30 min treatment (Rui et 

al., 2006). Same results were observed following treatment with 2 µM and 20 µM Aβ1-42 

(monomers) for 30 min (Rui et al., 2006). Later, Rui et al. showed a significant reduction 

in the percentage of moving mitochondria and their speed which was more pronounced 

in dendritic than axonal mitochondria in hippocampal neurons treated with 0.04-1 µM 

AβO1-42 for 30 min (Rui et al., 2016). Mitochondrial movement is also affected by 24h 

exposure to AβO. In fact, AβO 2 µM for 24h, induced a significant reduction in both 

directions in mitochondrial motility and velocity in hippocampal neurons (Kim et al., 2012) 

while 20 µM AβO25-35 induced mitochondrial transport impairments in primary 

hippocampal neurons, affecting particularly the anterograde movement (Calkins and 

Reddy, 2011). In our study, we observed changes in neurite mitochondrial motility in 

primary mature hippocampal neurons treated with AβO1-42 using a detailed analysis of 

mitochondrial movement parameters. We evidenced an immediate effect of AβO1-42 

(after 10 min) on mitochondrial motility, significantly reducing the percentage of time 

spent as stationary, and concomitantly increasing the time spent in anterograde and 

retrograde movements, as well as an increase in the number of switch movement per 

mitochondrion, suggesting that Aβ acute treatment promotes mitochondrial movement. 

Interestingly, changes in mitochondria direction between synaptic and non-synaptic sites 

are caused by alterations in synaptic activity (Chang et al., 2006) and we previously 

demonstrated that AβO1-42 leads to the immediate activation of NMDARs (Ferreira et al., 

2012, 2015). Interestingly, AβO acute-induced retrograde movement was shown to be 

dependent on NMDAR activation. Thus, NMDARs activation by AβO1-42 may regulate 

synaptic plasticity, by modifying mitochondrial movement. On the other hand, AβO1-42 for 

24 h seems to induce a decrease in the retrograde movement although mitochondrial 

velocity in this direction was significantly higher, without affecting anterograde 

movement. Anterograde movement reflects a higher deliver and exchange of 
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mitochondrial components (Schwarz, 2013), while retrograde movement is particularly 

important to repair damaged mitochondria and sustain fundamental proteins to maintain 

mitochondrial function and neuronal activity (Mandal et al., 2020). We have recently 

shown that AβO1-42 for 24 h induce significant mitochondrial impairment and cell death 

by apoptosis (Mota et al., unpublished data). Thus, the decrease in the number of 

mitochondria moving backwards to the soma (retrograde transport) might indicate an 

impairment in mitochondria repair and an accumulation in neurites and synapses of 

damaged mitochondria after prolonged exposure to AβO. SU6656, a Src inhibitor, did 

not prevent the effects caused by acute AβO1-42; instead, in the presence of Aβ, SU6656 

seems to increase mitochondrial velocity. Thus, our mitochondrial movement data does 

not seem to point out a crucial role for Src kinase(s) on Aβ-induced changes in organelle 

motility; however, Src might be implicated in mitochondrial movement modulation, 

although further experiments are needed.  

Aβ-induced oxidative stress has been described to promote an imbalance between 

mitochondrial fusion and fission by increasing mitochondrial fission (fragmentation) 

through the activation of Drp1 protein (Wu et al., 2011; Ruiz et al., 2018; Nakamura et 

al., 2010). Our results evidence increased mitochondrial fragmentation after 24h 

exposure to AβO1-42, as indicated by the increase in circularity and decrease in aspect 

ratio, which is in accordance with literature (Manczak and Reddy, 2012; Reddy,2014). 

Interestingly, mitochondrial fragmentation seems to start already after 10 min treatment. 

Initial mitochondrial fragmentation seems to occur within minutes, being a transient state 

that can be restored by the decrease in intra-mitochondrial Ca2+ (Hom et al., 2007). 

Paula-Lima and colleagues previously demonstrated that 1 μM AβO for 24h generates 

prolonged Ca2+ signal and induced mitochondrial fragmentation, which could be 

prevented MK-801 pre-incubation for 30 min (Paula-Lima et al., 2011). In the present 

study, we show that both NMDARs and Src mediate mitochondrial fragmentation 

induced by immediate exposure to acute AβO1-42. Indeed, results suggest that Src kinase 

regulate mitochondrial morphology rather than mitochondrial movement. Altogether, 

these observations are particularly important when considering the identification of 

selective cellular targets for pharmacological intervention acting in early stages of AD 

pathogenesis, since abnormal changes in mitochondrial morphology are on the basis of 

mitochondrial dysfunction, which ultimately compromise neuronal function. Previously, 

Wang and co-authors evidenced that inhibition of mitochondrial fission in a mouse model 

of AD (CRND8) improve mitochondrial function in vitro and in vivo, improved synaptic 

function and prevented cognitive deficits (Wang et al., 2017). 
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Mitochondria are Ca2+ reservoirs and buffer agents that have the capacity to manage 

transient changes in Ca2+ levels and particularly Ca2+ overload, associated with 

neurodegenerative diseases (Celsi et al., 2009). Acute treatment of cortical and 

hippocampal neurons with 20 µM AβO25–35 and 500 nM AβO1–42 caused a large increase 

in mitochondrial Ca2+ (Sanz-Blasco et al., 2008). Concordantly, our very preliminary 

evaluation of mitochondrial Ca2+ levels in mature hippocampal neurites using a Ca2+-

sensitive fluorescent sensor evidenced that acute treatment with 1 µM AβO1-42 promotes 

increased intra-mitochondrial Ca2+ levels. Interestingly, inhibition of Src kinase activity 

seems to prevent immediate AβO-induced Ca2+ flux. High Ca2+ influx into mitochondria 

through voltage-dependent anion channel (VDAC, also known as mitochondrial porin, 

located at the OMM) mitochondrial calcium uniporter (MCU, at the IMM) induces rapid 

mitochondrial fission that is dependent on DRP1 (Han et al., 2008). Our data evidence 

increased mitochondrial fragmentation concomitantly with increased mitochondrial Ca2+ 

flux and both appear to be prevented by Src inhibition, suggesting that Src modulation 

may prevent mitochondrial fragmentation through the regulation of mitochondrial Ca2+ 

influx. Importantly, Mukherjee and colleagues have demonstrated a correlation between 

higher Ca2+ levels induced by oxidative stress and mitochondrial depolarization 

(Mukherjee et al., 2002) and lower ΔΨm promotes increased mitochondrial retrograde 

movement (Miller and Sheetz, 2004). Thus, increased mitochondrial retrograde 

movement observed in this work might be related with increased mitochondrial Ca2+ 

levels and decreased ΔΨm. Of note, we observed an increase in Ca+ influx, but not in 

its retention, evident in the decreased time dependent Ca2+ outflow, which may be 

associated to loss of ΔΨm. More experiments will be required in mature hippocampal 

neurites to better define the modifications in AβO-induced mitochondrial Ca2+ changes. 

Dendritic spines hold most of excitatory synapses in the CNS and synaptic strength is 

expressed by structural changes in dendritic spines, where abnormal modifications 

underlie the synaptic loss occurring in AD. In APPSDL transgenic mice-derived 

hippocampal neurons, Pennazzi and co-authors found a reduction in spine length, 

although no differences in spine head volume were found (Penazzi et al., 2016). 

Concordantly, our analysis of spine width does not evidence significant differences 

between conditions; however, we observed an immediate decrease in spine length after 

AβO1-42 treatment that is maintained after 24h. LTP induces an increased spine width 

and reduction of length, consistent with spine maturation (Keifer et al., 2015). 

Importantly, the ratio between spine width and length was significantly increased by 

AβO1-42 in our conditions, suggesting a spine enlargement. These results are in 

accordance with the study by Koppensteiner and colleagues who demonstrated that 
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short AβO1-42 exposition induces synaptic enhancement in hippocampal neurons, while 

longer exposures (12h-24h) reduce synaptic plasticity (Koppensteiner et al., 2016). 

Spine shrinkage requires NMDARs activity and Ca2+ influx that further lead to the 

activation of calcium-dependent phosphatases and consequent spine actin cytoskeleton 

modulation (Stein et al., 2015; Zhou et al., 2004). Acute treatment with a low 

concentration of Aβ (100 nM) can already induce F-actin stabilization in spines and 

compromise synaptic transmission (Rush et al., 2018). Herein, we evidence that spine 

shrinkage is significantly prevented by the inhibition of Src kinase, suggesting that spine 

shrinkage occurs in a Src-dependent manner. Wider spines are more responsive to local 

Ca2+ influx in contrast with smaller spines which are more flexible and can rapidly 

become enlarged or suffer shrinkage, after activation (Bourne and Harris, 2007). In APP 

mouse organotypic hippocampal slice cultures Aβ was shown to promote a shift from 

mushroom to stubby spines through a mechanism involving NMDAR, calcineurin, and 

GSK-3β activation (Tackenberg and Brandt, 2009). In organotypic hippocampal slices 1 

μM AβO increased stubby spines number mainly as the result of mushroom spine 

elimination (Ortiz-Sanz et al., 2020). Our preliminary data (n=2) suggest a slight 

tendency to increase mushroom and stubby spines population following AβO treatment. 

Moreover, the percentage of stubby spines after 24h AβO exposure seems to be higher 

than after 10 min. Thus, results suggest that in one hand, Aβ could potentiate spine 

maturity and therefore increase the probability of holding a synapse (Yuste and 

Bonhoeffer, 2001), and on the other hand, the prolonged exposure to Aβ can cause a 

possible degradation of the more matured mushroom spines. 

 

 

4.2 Conclusions 

In conclusion, this study provides evidence of an immediate AβO-induced effects in 

mitochondrial function and dynamics and their impact on synaptic plasticity. In fact, acute 

treatment with AβO1-42 seems to promote mitochondrial movement, as well as potentiate 

dendritic spine maturation. On the other hand, prolonged treatment with AβO1-42 

decreases retrograde movement, which may be in accordance with impaired 

mitochondrial repair and an accumulation of damaged mitochondria in neurites and 

synapses, leading to a possible degradation of more matured spines. Moreover, AβO 

immediately induces mitochondrial fragmentation, concomitantly with increased 

mitochondrial Ca2+ influx. Interestingly, while Src inhibition does not prevent AβO-
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induced changes in mitochondrial movement, it prevents mitochondrial fragmentation 

and increased Ca2+ influx, suggesting that Src acts on mitochondrial morphology and 

function, rather than on mitochondrial movement. Furthermore, inhibition of Src kinase 

also significantly prevents the AβO-induced spine shrinkage, suggesting that it occurs in 

a Src-dependent manner. In this sense, these observations evidence a therapeutic 

potential of Src at an early stage of AD development and even during its progression. 

Further experiments are needed to deepen the impact of specific mitochondrial or 

cytosolic Src in the modulation of AβO-induced neuronal dysfunctional pathways.  
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