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“Thresholds don’t exist in terms of our bodies.  

Our speed and strength depend on our body, but the real thresholds, 

those that make us give up or continue the struggle,  

those that enable us to fulfil our dreams,  

depend not on our bodies but on our minds and the hunger we feel 

 to turn dreams into reality.” 

— Kilian Jornet — 

 

 

 

“The finish line is just the beginning of a whole new race.” 

— Unknown — 
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ABSTRACT 

The regulated secretory pathway is a hallmark of professional secretory cells as neurons and 

endocrine cells. Significant peptidergic neurotransmitters as hormones, neurotrophins and growth 

factors are targeted to dense-core vesicles (DCVs) and released after stimulation. DCV secretory 

markers include granins, carboxypeptidases and proprotein convertases and constitute DCV 

molecular machinery. In addition to their important intracellular roles in sorting, trafficking and 

processing of peptidergic cargos, extracellular neurotrophic functions have been proposed for 

certain DCV markers. Of note, variations in some members of the granin family such as chromogranin 

A (CgA) have been described in the brain and cerebrospinal fluid (CSF) of Alzheimer’s disease (AD) 

patients. However, other abundant DCV secretory proteins as the granin SgIII, the enzyme convertase 

CPE and the proprotein convertases PC1 and PC2, have been poorly studied in AD. Hence, we have 

analyzed alterations in the secretory markers of DCVs in the brain and CSF of AD patients and in the 

5xFAD mouse model of familial AD. As a major finding of the present dissertation, DCV secretory 

markers accumulate in dystrophic neurites and granulovacuolar degeneration bodies, two prominent 

neuropathological features of AD. Moreover, DCV secretory proteins markedly decay in the CSF of 

AD patients, correlating with neurodegeneration and cognitive decline. Furthermore, secretory 

markers of DCV initially increase and later decrease in the hippocampi and age-dependently decline 

in the CSF of 5xFAD mice. Additionally, since reactive astrogliosis is a common feature of 

neurodegenerative diseases, understanding the mechanisms underlying gliotransmission under 

control and proinflammatory conditions is fundamental. Here we have shown that astrocyte 

peptidergic secretory vesicles are heterogeneous and display variable release rates in response to 

Ca2+-mediated stimulation, which are modulated in proinflammatory-treated astrocytes in vitro and 

in a neuroinflammation model in situ. Besides, unstimulated release of astrocyte secretory proteins 

in vitro is independent of intrinsic Ca2+ oscillations but critically depends on intracellular Ca2+. 

Altogether, since neurotransmission and gliotransmission are clearly affected in AD, our results 

suggest that alterations in the regulated secretory pathway of neurons and astrocytes may 

participate in underlying pathological mechanisms and propose DCV secretory markers as candidate 

biomarkers for AD.  

 



 

 

 



v 
 

RESUM 

Mitjançant la via de secreció regulada de neurones i cèl·lules endocrines, hormones, neurotrofines i 

altres missatgers peptídics importants pel funcionament del sistema nerviós són internalitzats en 

vesícules de centre dens (VCD) i alliberats per exocitosi en resposta a estímuls. La maquinària 

molecular de les VCD inclou granines i enzims processadors (carboxipeptidases i convertases) que 

s’encarreguen de dirigir i processar els missatgers peptídics a les VCD. Aquests components de les 

VCD són solubles i se secreten, amb els altres transmissors peptídics, a l’espai extracel·lular, on alguns 

desenvolupen funcions neurotròfiques rellevants. Proteïnes de la família de les granines, com la 

cromogranina A, han estat tradicionalment relacionades amb malaltia d’Alzheimer (MA), on s’han 

trobat alterades al cervell i al líquid cefalorraquidi (LCR) de pacients. No obstant, altres marcadors de 

les VCD molt abundants com la secretogranina III, la carboxipeptidasa E i les convertases PC1 i PC2 

han estat poc estudiats en el context de la MA. Així, hem analitzat alteracions dels marcadors de VCD 

al cervell i al LCR de pacients de la MA i de ratolins 5xFAD, un model animal transgènic per a la MA 

familiar. Les proteïnes marcadores de VCD s’acumulen a les neurites distròfiques i als cossos de 

degeneració granulovacuolar, mentre els seus nivells disminueixen al LCR dels pacients de la MA, on 

correlacionen amb neurodegeneració i declivi cognitiu. A més, es troben inicialment augmentades i 

finalment disminuïdes a l’hipocamp dels ratolins 5xFAD, on també disminueixen progressivament al 

LCR amb l’edat. Atès que l’astrogliosi és present en malalties neurodegeneratives, és important 

l’estudi de la gliotransmissió tant en situacions control com de neuroinflamació. Així, mitjançant el 

tractament proinflamatori d’astròcits in vitro i un model de neuroinflamació in situ hem determinat 

que la secreció peptidèrgica dels astròcits sota estimulació és variable i moderada i que, en absència 

d’estímul, la seva alta taxa d’alliberació és independent d’oscil·lacions espontànies però dependent 

de calci intracel·lular. En resum, les alteracions de la via de secreció regulada de neurones i astròcits 

podrien participar en la progressió de la malaltia i, per això, proposem les proteïnes marcadores de 

VCD com a biomarcadors candidats per a la MA.        
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ATP Adenosine tri-phosphate 

BACE β-secretase 

BAPTA 1,2-bis o-aminophenoxy ethane-N,N,N′,N′-tetraacetic acid 

BBB Blood-brain barrier 

BDNF Brain-derived neurotrophic factor 

CDR Clinical dementia rating 

CgA  Chromogranin A  

CgB Chromogranin B 

CHMP2B Charged multivesicular body protein 2 B 

CHX Cycloheximide 

CK1δ Casein kinase 1 isoform delta 

CNS Central nervous system 

CPE  Carboxypeptidase E  

CSF  Cerebrospinal fluid 

CysC Cystatin C 

DCV Dense-core vesicle 

EAAT Excitatory amino acid transporter 

ER Endoplasmic reticulum 

FAD Familial Alzheimer’s disease 

GABA Gamma-aminobutyric acid 

GFAP Glial fibrillary acidic protein 
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GVD Granulovacuolar degeneration 

HCX H+/Ca2+ exchanger 

Iba1 Ionized calcium binding adapter molecule 1 

IFNγ Interferon gamma 

IgM Immunoglobulin M 

IL-1β Interleukin 1 beta 

IP3R Inositol tri-phosphate receptor 

KAR Kainic acid receptor 

KR Kiss-and-run 

KS Kiss-and-stay 

LAMP1 Lysosomal-associated membrane protein 1 

LCN2 Lipocalin 2 

LDCV Large dense-core vesicle 

LPS Lipopolysaccharide 

MCI  Mild cognitive impairment 

MCU Mitochondrial Ca2+ uniporters 

mGluR Metabotropic glutamate receptor 

MMSE Mini-mental state examination 

MPTP Mitochondrial permeability transition pore 

MRI Magnetic resonance imaging 

NCX Na+/Ca2+ exchanger 

NFL Neurofilament light chain 

NFT Neurofibrillary tangle 

NMDAR N-methyl-D-aspartic acid receptor 

NPY Neuropeptide Y 

PBS Phosphate-buffered saline 

PC1/3 Proprotein convertase 1/3 

PC2 Proprotein convertase 2 

PET Positron emission tomography 

PLC Phospholipase C 

POMC Proopiomelanocortin 
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ProSAAS Proprotein convertase 1 inhibitor 

PSD-95 Postsynaptic density protein 95 

PSEN1 Presenilin 1 

P-tau Phosphorylated-tau protein 

SAD Sporadic Alzheimer’s disease 

SEM Standard error mean 

SERCA Sarco-endoplasmic reticulum Ca2+-ATPase 

SgII Secretogranin II 

SgIII  Secretogranin III   

SNARE  Soluble n-ethylmaleimide-sensitive factor attachment protein receptor 

SNAP-25 Synaptosome-associated protein 25 

SOCC Store-operated Ca2+ channel 

SV Synaptic vesicle 

Syp Synaptophysin 

TEM Transmission electron microscopy 

TG Thapsigargin 

TGN Trans-Golgi network 

TLR Toll-like receptor 

TNFα Tumor Necrosis Factor alpha 

T-tau Total-tau protein 

VAMP Vesicle associated membrane protein 

VGAT Vesicular GABA transporter 

VGCC Voltage-gated Ca2+ channel 

VGLUT Vesicular glutamate transporter 

VNUT Vesicular nucleotide transporter 

WT Wild type 
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INTRODUCTION 

1. Communication in the nervous system  

1.1. Neurotransmission: synaptic vesicles and dense-core vesicles 

Receiving, processing and integrating information from external (environment) and 

internal (organism itself) stimuli and generating appropriate reactions is the main role of the 

nervous system. Fundamental features of the nervous system are analogous in the vast majority 

of pluricellular animals despite the existence of different complexity levels (Emes and Grant, 

2012). Basically, to coordinate responses to received stimuli, cells of the nervous system (neurons 

and glial cells) communicate with each other via chemical or electrical signals in a process known 

as neurotransmission (Pereda, 2014). 

 

Classically, a synapse has been defined as a structure that enables functional communication 

between two neurons. Chemical synapses (Figure 1A) are mediated by small clear vesicles of 30-

50nm known as synaptic vesicles (SVs), which contain neurotransmitters and are secreted from 

the presynaptic neuron in response to a stimulation (Jahn and Südhof, 1994; Qu et al., 2009). 

Released neurotransmitters travel through the synaptic cleft and interact with specific receptors 

of the postsynaptic neuron (Lin and Scheller, 2000). In electrical synapses (Figure 1B), though, 

neurotransmitters are not required: the nerve impulse is directly transmitted by gap junctions 

(Connors and Long, 2004). However, a mixed synaptic transmission exists, where communication 

via both chemical and electrical signals coexists in the same neuron (Cachope and Pereda, 2012).  

 

 

 

 

 

 

 

 

 

 

 
Figure 1. Different modalities of synaptic transmission: chemical (A) and electrical (B) synapses (Pereda, 2014). 
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In the vertebrate central nervous system (CNS) electrical synapses exist mostly provisionally 

preceding the establishment of definitive chemical synapses (Ovsepian, 2017). Thus, chemical 

transmission is predominant and is capable of undergoing structural changes under determinate 

conditions (Citri and Malenka, 2008). Processes that modify cerebral function by means of 

experience-derived neuronal activity are known as synaptic plasticity and are crucial for neuronal 

circuits early development and adult NS optimal functioning (Bennett and Zukin, 2004). Even 

though gap junction-based synapses are structurally simpler than chemical synapses, both play a 

key role in neuronal circuitry remodelling (Curti and O’Brien, 2016).  

 

In chemical synapses, several consecutive steps constitute the life cycle of SVs (Figure 2A). SV 

associated proteins are synthesised at the soma (step 1) and transported to the neuron terminal 

(step 2), where neurotransmitters must be actively transported into the vesicle (step 3). SVs are 

then tethered to the cytoskeleton (step 4), mobilized (step 5) and docked (step 6) to the active 

zone. Subsequently, SVs undergo adenosine tri-phosphate (ATP)-dependent priming (step 7), 

which ultimately makes them competent for Ca2+-evoked opening of the fusion-pore to release 

neurotransmitters (step 8) and recycle (steps 9 and 10) (Lin and Scheller, 2000; Südhof, 2004). 

 

Low-molecular-weight neurotransmitters (i.e. amino acids) as glutamate (excitatory) or gamma-

aminobutyric acid (GABA; inhibitory) are internalized into SVs and released from the presynaptic 

terminal by an action potential (Bak et al., 2006; Katz and Miledi, 1969). Exocytosis of SVs occurs 

due to a massive Ca2+ entrance into the nerve terminal through Ca2+ channels opened by an action 

potential. Importantly, not every action potential triggers the release of SVs but only a 10-20% of 

them efficiently evoke secretion (Goda and Südhof, 1997).  

 

A single active zone of a small hippocampal synapse enables the docking of approximately 10 

vesicles, which are found in a pool of SVs known as the ready-releasable pool. Additionally, two 

other SV pools exist: the recycling pool (16 SVs) and the reserve pool (240 SVs) (Gan and 

Watanabe, 2018). The number of SVs secreted has been determined according to a certain release 

probability which depends on the increased intracellular Ca2+ concentration  (Katz and Miledi, 

1969; Stevens, 2003). However, a recent study has demonstrated that it is actually the size of the 

ready-releasable pool the responsible of regulating the amount of released SVs, upstream of 

vesicle release probability (Vaden et al., 2019). 
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Multiple proteins constitute the molecular machinery of synaptic transmission. Transporters are 

needed to actively internalize neurotransmitters into SVs, such as vesicular glutamate transporter 

(VGLUT) or vesicular GABA transporter (VGAT) (Hackett and Ueda, 2015). Release sites are 

organized by scaffolding proteins (e.g. Bassoon and Piccolo) whereas tethering proteins (e.g. 

Munc 13, Munc 18 and myosin V) gather docking and release machineries (Figure 2B).  

 

SV docking and fusion are arbitrated by SNARE (soluble N-ethylmaleimide-sensitive factor 

attachment protein receptor) complex proteins: synaptobrevin/vesicle-associated membrane 

protein (VAMP), the most abundant SV membrane protein, together with synaptosome-

associated protein 25 (SNAP-25) and Syntaxin-1, found in the plasma membrane. Synaptophysin 

(Syp), the second most abundant SV protein, is crucial for synaptobrevin recruitment during 

endocytosis (Gordon et al., 2016). Fusion of SVs also depends on members of the synaptotagmin 

family, which act as Ca2+ sensors and interact with SNARE proteins (Gramlich and Klyachko, 2019).  

 

Neurotransmitter receptors are mostly found in postsynaptic membranes. In glutamatergic 

synapses, both metabotropic (mGluR) and ionotropic receptors (2-Amino-3-(3-hydroxy-5-methyl-

isoxazol-4-yl)propanoic acid – AMPAR, kainic acid – KAR and N-methyl-D-aspartic acid – NMDAR) 

exist (Niswender and Conn, 2010; Traynelis et al., 2010). GABAergic synapses display ionotropic 

(GABA-A/C) and metabotropic (GABA-B) receptors, as well (Jembrek and Vlainic, 2015).   

 

 

 

 

Figure 2. Life cycle of SVs (A) and molecules responsible of SV tethering, docking and fusion at release sites in the 
active zone (B). Modified from Lin and Scheller (2000) and Gramlich and Klyachko (2019), respectively. 
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Apart from receptors and ion channels, vertebrate postsynaptic densities comprise an extremely 

complex and conserved proteome which includes numerous proteins with key functions (e.g. 

adhesion, scaffolding, signalling) such as Homer and postsynaptic density protein 95 (PSD-95) (Kim 

and Sheng, 2004). These proteins are organized in complexes and supercomplexes which include 

receptors, channels and enzymes. Growing evidence suggests that synapse diversity may be the 

result of the differential distribution of these super molecular machines (Frank and Grant, 2017).  

 

After fusion of SVs and release of neurotransmitters, an endocytic recycling process occurs from 

the plasma membrane of the presynaptic neuron. The ultimate purpose of SV recycling is reusing 

components of the membrane to obtain newly refilled and fusion-competent SVs ready for a new 

cycle of exocytosis (Rizzoli, 2014). Four main mechanisms of SV recycling and exocytosis-

endocytosis coupling have been described (Figure 3):  

 

A. Clathrin-dependent endocytosis: after full fusion of SVs with the plasma membrane, a 

clathrin coat is formed and SVs are endocytosed. New SVs are formed far from the release 

site and subsequently reacidified and refilled with neurotransmitters directly or indirectly 

(through endosomal structures) (Südhof, 2004; Watanabe, 2015). The process of clathrin 

recruitment can be slow (when it requires de novo formation) or fast (when evolving from 

preformed clathrin-coated pits). Therefore, clathrin-mediated endocytosis functions both 

gradually or rapidly, depending on recruitment speed (Yuan et al., 2015; Zhu et al., 2009). 

Fast endocytosis is especially relevant during intense stimulation when exocytosis is 

sustained in time (Kawasaki et al., 2011; Yuan et al., 2015). 

 

B. Kiss-and-run (KR): fusion of SVs with the plasma membrane occurs in a transient manner 

with the subsequent closure of the fusion pore. SVs undergo an undocking process and are 

locally recycled and refilled with neurotransmitters (Alabi and Tsien, 2013; Fesce et al., 

1994). KR is a relatively fast (1-2s) recycling mechanism present in a significant percentage 

of releasing events (Van Kempen et al., 2011; Park et al., 2012; Zhang et al., 2009). A 

particular type of KR is the Kiss-and-stay (KS) mechanism, where fusion of SVs is partial and 

vesicular structures are retained at the release site (An and Zenisek, 2004; Rizzoli and Jahn, 

2007; Taraska et al., 2003). In KS fusion pores are larger (20-150nm compared to KR 10nm) 

and SVs remain docked at the active zone to be reacidified and replenished with 

neurotransmitters (Liang et al., 2017). 
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C. Activity bulk endocytosis: after full fusion of multiple SVs and multivesicular exocytosis 

(homotypical fusion of vesicles with each other before fusion with the plasma membrane) 

internalization of great-sized endocytic vesicles occurs by means of cavernous invaginations 

of the plasma membrane (Wen et al., 2012; Wu and Wu, 2007). SVs are regenerated from 

endosomes via clathrin-dependent or independent pathways (Watanabe and Boucrot, 

2017).  

 

D. Ultrafast endocytosis and endosomal sorting: SVs fully fuse with the plasma membrane and 

are rapidly endocytosed after 50 to 100ms not as intact vesicles, but as greater 

invaginations. Precisely because no integral SVs are retrieved, this mechanism must be 

independent of KR endocytosis. Besides, it is 200x faster than clathrin-dependent recycling 

mechanisms, which suggests that it is a pathway ultimately destined to the rapid restoration 

of the membrane surface. Regeneration of synaptic vesicles is mediated by clathrin at 

endosomes (Gan and Watanabe, 2018; Watanabe et al., 2013). 

 

 

 

 

  

 

 

 

 

 

 

 
 
 
 
 
Figure 3. Main mechanisms of SV recycling and exocytosis-endocytosis coupling: clathrin-mediated endocytosis 
(A), kiss-and-run (B), bulk endocytosis (C) and ultrafast endocytosis and endosomal sorting (D). Modified from 
Watanabe and Boucrot (2017). 
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D C 



18 
 

In addition to fast amino acid neurotransmission, a slower peptidergic transmission exists in 

neurons which is also present in endocrine and neuroendocrine cells (Ng and Tang, 2016). 

Neuropeptide transmitters are small peptides which coexist in neurons with classical SV 

neurotransmitters (Hökfelt et al., 2000). Both neurotransmission systems are essential but display 

different features (Figure 4). Specifically, distinct distribution, vesicle dimensions and molecular 

structures may be responsible of the different transmission velocities, although SNARE proteins 

and regulation systems are equivalent in both types of transmission (Kreutzberger et al., 2019).  

 

Hormones, growth factors, neurotrophins and other neuropeptide transmitters are sorted into 

secretory granules (dense-core vesicles (DCVs) or large-dense core vesicles (LDCVs), in neurons), 

stored in the cytoplasm and released following stimulation (Vázquez-Martínez et al., 2012). Even 

though neuropeptides are present in most neurons, some of them are produced only in discrete 

areas of the brain (e.g. orexin) while others are synthesized in many regions (e.g. neuropeptide Y 

– NPY and brain derived neurotrophic factor – BDNF) (Lipska et al., 2001; van den Pol, 2012). 

Differences in localization may be explained by the variety of functions that neurotrophins and 

neuropeptides exert, as they are key modulators of neurogenesis, synaptic plasticity and neuronal 

activity (Malva et al., 2012; Park and Poo, 2013; Zaben and Gray, 2013).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4. Main characteristics and differences of fast amino acid transmission (A) and slower neuropeptide 
transmission (B). Modified from Van den Pol (2012). 

A Fast Amino Acid Transmission Neuropeptide Transmission B 
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Although in fast neurotransmission amino acid transmitters are mainly synthesized at release 

sites, neuropeptides are generally synthesized at the soma from mRNAs (Comeras et al., 2019). 

Afterwards, peptidergic transmitters are targeted to the endoplasmic reticulum (ER) and 

delivered via coat protein complex II coated vesicles to the Golgi apparatus (Kurokawa and 

Nakano, 2019) to finally be sorted in the trans-Golgi network (TGN) into immature DCVs. Before 

release, DCVs undergo a maturation process which is clathrin-mediated and involves biochemical 

and biophysical processes (e.g. lumen acidification, protein aggregation, vesicle fusion and 

membrane remodelling) (Bonnemaison et al., 2013; Tooze and Tooze, 1986).  

  

DCVs migrate to the periphery, where they can be intracellularly reserved for a long time before 

being released in a stimulation dependent manner (e.g. K+-evoked depolarization) (Kim et al., 

2006; Lim et al., 2017). However, a basal secretion of DCVs exists at a low rate even in the lack of 

stimuli (Alvarez de Toledo et al., 1993; Zhang et al., 2017). Like in SV exocytosis, DCV secretion 

relies on a series of steps arbitrated by several factors which include proteins of the SNARE 

complex. Mature DCVs undergo docking and priming processes that bring them together to the 

plasma membrane in preparation for Ca2+-evoked release  (Rizo and Xu, 2015).   

 

On average, from two to three DCVs are found at synapses but, differently from SV release, 

neuropeptide secretion is not only limited to the synapse and DCVs can also be released from 

extra-synaptic locations (Matsuda et al., 2009). Even though DCVs are distributed similarly in 

axons and dendrites they are preferentially released at axons, where release probability ranges 

from 1% to 6% depending on the type of stimulus (Persoon et al., 2018). Besides, repetitive and 

more prolonged stimulation is required for fusion of DCVs in comparison with SVs release 

(Balkowiec and Katz, 2002; Frischknecht et al., 2008).  

 

After fusion of DCVs, released neuropeptides preferentially act on metabotropic receptors (i.e. G 

protein-coupled receptors) either in excitatory or inhibitory manners (Nusbaum et al., 2017). Even 

though the predominant location of neuropeptide action is relatively close to the presynaptic 

neuron, given the high affinity of these receptors for peptidergic transmitters they can easily 

diffuse and travel longer distances than amino acid transmitters (Alpár et al., 2019). For instance, 

while NPY effect is usually near to the release site, targets for hormones such as leptin and ghrelin 

are typically distant (Sternson, 2013).  



20 
 

Transmembrane DCV proteins endocytosis mechanisms are relatively slower phenomena 

(seconds) compared to DCV fusion (Bauer et al., 2004; Eliasson et al., 1996). Transmembrane 

proteins which have been integrated to the plasma membrane during DCV fusion are retrieved 

and internalized via endosomes. Interestingly, endosomal structures may then interconnect 

either with the TGN (incorporating membrane material to form new DCVs) or with immature DCVs 

(contributing to their maturation by means of membrane remodelling) (Wasmeier et al., 2005). 

Numerous DCV membrane proteins are also found in other endosomal and lysosomal 

compartments, which suggests that different routes may be taken when recycling. Thus, 

endosomal recycling represents a crossroad between the regulated secretory pathway and the 

endocytic route (Ang et al., 2004).  

 

It must be considered, however, that release of DCVs in endocrine cells differs from release in 

neurons in some aspects (Bulgari et al., 2019). Regarding localization, neuronal DCVs are 

considerably smaller (100nm compared to 300-1000nm diameter) which enables them to access 

axons and dendritic boutons (Merighi, 2018). But precisely because of their reduced size, neuronal 

DCVs are not capable of forming great fusion pores as neuroendocrine DCVs (Shin et al., 2018).  

Thus, KR and KS (i.e. cavicapture) recycling mechanisms have been described for neuronal DCVs 

as well. In fact, reuptake of DCVs after fusion by cavicapture processes is mediated by dynamin-1 

and appears to be independent of classical endocytosis (Liang et al., 2017; Tsuboi et al., 2004; 

Wong et al., 2015). 

 

Different neuropeptides can be stored together (i.e. coexist) in the same individual DCV (Merighi, 

2009; Salio et al., 2007). As seen in Figure 5A, newly generated DCVs emerge from the TGN 

containing one kind of neuropeptide and homotypically fuse with other immature DCVs which 

store different cargoes, creating greater DCVs in a process orchestrated by the conserved coiled-

coil protein 1 (Cattin-Ortolá et al., 2017). Although different neuropeptides already coexist in the 

resulting DCVs, they still cannot be considered as mature due to their greater size, which will be 

reduced following condensation once in the terminal (Bonnemaison et al., 2013).  Co-stored 

neuropeptides may then be released together (i.e. non-selectively) or separate (i.e. selectively) 

via numerous cycles of cavicapture until DCVs are completely empty (Merighi, 2018).  
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It is also during DCV maturation when neuropeptides, which are typically synthesized as inactive 

long precursors, are enzymatically processed into shorter biologically active transmitters (Lin and 

Salton, 2013). After beginning at the TGN, where explicit molecular signals promote packaging of 

cargoes (Topalidou et al., 2016), the processing continues inside the vesicles, where proteins 

involved in DCV biogenesis and neuropeptide processing reside (Kögel and Gerdes, 2010).  

 

The machinery in charge of aggregating and processing neuropeptides inside of DCVs (Figure 5B) 

are members of the granin family (chromogranin A – CgA, chromogranin B – CgB, secretogranin II 

– SgII and secretogranin III – SgIII), processing enzymes (carboxypeptidase E – CPE) and 

prohormone convertases 1/3 and 2 – PC1/3 and PC2) (Arnaoutova et al., 2003; Beuret et al., 

2004). These components are also sorted into DCVs, activated by processing enzymes and, given 

their soluble nature, released with the other DCV cargoes after fusion (Bartolomucci et al., 2011).  

 

 

 

 

 

 

 

 

 

 

 
 
 
Figure 5. Biogenesis, filling, maturation, transport and release (A) and molecular components (B) of DCVs. Modified 
from Merighi (2018) and Bonnemaison, Eipper and Mains (2013), respectively.  
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Members of the chromogranin/secretogranin family are the most abundant DCV components 

(Taupenot et al., 2003). Due to their capacity of binding Ca2+ and forming aggregates, 

chromogranins are essential for DCV biogenesis (Courel et al., 2010). So much so that the lack of 

CgA and CgB has been determined to cause alterations in content and release of DCVs in 

chromaffin cells (Díaz-Vera et al., 2012).  

 

To exclude the entrance of constitutive secretory proteins to the regulated pathway, insoluble 

aggregation of DCV precursor proteins starts at the TGN (Hummer et al., 2017). Early aggregates 

are then transferred into immature DCVs where further compaction occurs due to the aggregation 

role of granins. In cholesterol-rich membrane platforms, prohormones in premature aggregates 

are then transferred to the neighbouring processing enzymes which process them into smaller 

and mature fragments (Ji et al., 2017). In turn, processed mature hormones are incorporated to 

the neighbouring premature aggregates (Hosaka and Watanabe, 2010) (Figure 6). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. Processes and molecules implicated in DCV biogenesis. Modified from Hosaka and Watanabe (2010). 

 

Granins are also proteolytically processed to become active and exert their biological effects 

either in autocrine, paracrine or endocrine ways once released (Montero-Hadjadje et al., 2008). 

In addition to SgII and SgIII, which are also key participants of DCV biogenesis, other members of 

the secretogranin family are secretogranin V (also known as neuroendocrine protein 7B2), 

secretogranin VI and the proprotein convertase 1 inhibitor (proSAAS) (Bartolomucci et al., 2011). 
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One of the enzymes in charge of processing propeptides into mature hormones and 

neuropeptides is the exopeptidase CPE (Ji et al., 2017). As a carboxypeptidase, CPE acts removing 

carboxyterminal arginine or lysine amino acids from neuropeptides previously cleaved by 

endopeptidases (Cawley et al., 2012). CPE has been also implicated in processes such as sorting 

of secretory proteins destined to the regulated pathway and in neurotrophic functions (Cheng et 

al., 2014). BDNF is one of the neuropeptides sorted to DCVs by CPE and, in turn, CPE is essential 

for BDNF signalling in the hippocampus (Xiao et al., 2017). Additionally, CPE is implicated in 

dendrite arborization and neuronal migration (Liang et al., 2018).   

 

Neuropeptides destined to the regulated secretory pathway display a signal peptide which is only 

present in the pre-protein form. After its cleavage, the resulting protein is still a precursor (i.e. 

pro-protein), which is further cleaved by endoproteases to eliminate the N-terminal pro-domain 

and become an active and mature protein ready to be released (Vázquez-Martínez et al., 2012). 

In some cases, however, both mature and precursor proteins can be secreted and act on their 

receptors promoting different functional effects (Bartkowska et al., 2010).  

 

The main endoproteolytic processing enzymes are prohormone convertases (PCs), which 

constitute a family of nine calcium-dependent endoproteases: furin, PC1/3, PC2, PACE4, PC5/6, 

PC7/8, SKI-1 and PCSK9 (Klein-Szanto and Bassi, 2017). Except for the two last, all of them cleave 

at the C-terminal end of sequences containing arginine or lysine residues (Lee et al., 2004). PCs 

generally display a signal peptide (N-terminal), a pro-region, a catalytic domain, a P-region and a 

C-terminal domain (Pickett et al., 2013). PC1 and PC2 are exclusively expressed in neurons and 

endocrine cells and are targeted to the regulated secretory pathway by a sorting signal located in 

their c-terminal region (Dikeakos et al., 2009).  

 

PC1 is activated in the ER by autocatalysis of its pro-region (Zhou and Lindberg, 1994) and it is 

involved in the activation of many prohormones and proneuropeptides as glucagon, insulin, 

enkephalin, proopiomelanocortin (POMC) and NPY (Pickett et al., 2013). The activity of PC1 can 

be regulated by autoinhibition (i.e. mediated either by the pro-region or the C-terminal domain) 

or inhibition mediated by the granin proSAAS (Lee et al., 2004). The absence of PC1 has been 

related to impaired neuropeptide processing which can lead to a wide range of metabolic diseases 

(e.g. obesity, hypogonadism, hypoadrenalism) (Artenstein and Opal, 2011). 
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PC2 participates in the processing and maturation of insulin, corticotropin, melanocyte-

stimulating hormones, β-endorphin, somatostatin and POMC (Zhan et al., 2009). Differently from 

the other PCs, PC2 does not undergo initial autocatalysis in the ER to become active (Seidah et al., 

2008).  However, PC2 activation requires the binding of the chaperone 7B2, which is at the same 

time a potent PC2 inhibitor (Jarvela et al., 2018). The lack of PC2 can give rise to alterations related 

to hypoglycemia and growth retardation (Klein-Szanto and Bassi, 2017).  

 

The relevance of neuropeptide transmitters and DCV molecular machinery in maintaining 

metabolic and homeostatic balances has been evidenced thus far. Interestingly, neuropeptide 

role in the regulation of these processes seems to be less decisive and much more modulatory, 

i.e. based on adjusting synaptic activity (Comeras et al., 2019). Furthermore, in some brain 

regions, synaptic modulation has been determined as the main function of neuropeptide release, 

even though neuropeptide actions are generally not limited to it (van den Pol, 2012).  

 

Neuropeptide modulation of neuronal activity occurs in the presynaptic terminal by regulating 

neurotransmitter release (Nusbaum and Blitz, 2012) (Figure 7). There are neuropeptide receptors 

located on axon terminals of glutamatergic and GABAergic neurons, indicating that neuropeptides 

mediate direct actions at the terminal level (Willis, 2006). Such receptors, usually metabotropic, 

activate second messengers that finally alter transmitter release (de Jong and Verhage, 2009).  

 

 

 

 

 

 

 

 

 

 
Figure 7. Presynaptic modulation of classic neurotransmitter release. Modified from van den Pol (2012). 
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Delivered neurotransmitters may originate from a peptidergic presynaptic terminal (i.e. external 

messengers) or from the postsynaptic terminal itself (i.e. retrograde-feedback messengers) 

(Regehr et al., 2009). Moreover, presynaptic modulation can be positive and promote secretion 

(e.g. hypocretin and glucagon-like peptide 1) or negative and cause a reduction of release (e.g. 

NPY, somatostatin and dynorphin) (Colmers et al., 1988; Fu et al., 2004; López-Huerta et al., 2012).  

 

Small amino acid neurotransmitters and neuropeptide transmitters largely coexist in the same 

neurons all over the NS, which results in a great communication flexibility: co-transmission 

provides additional mechanisms of variable neuromodulation (Nusbaum et al., 2017). In fact, 

neurons that secrete both classical and peptidergic transmitters exert key functions in receptor 

modulation, gene expression and trophic sustenance (Vaaga et al., 2014). Different targets can be 

modified by one, the other or both co-transmitters and, by affecting different receptors, the same 

transmitter can modify diverse targets (Ren et al., 2011).  

 

Another important neuropeptide mediated- modulation mechanism lies in their inactivation by 

extracellular peptidases (Isaac et al., 2009). In detail, a particular kind of circuit may be influenced 

differently by neuropeptide transmitters depending on the concrete action of peptidases (Wood 

and Nusbaum, 2002). Furthermore, due to neuropeptide capacity of diffusing and traveling long 

distances, the inhibiting role of peptidases may not be restricted to locations close to release sites 

(Nässel, 2009).   

 

Precisely because of these diffusion properties, peptidergic transmitters facilitate communication 

between distant cerebral regions (Alpár et al., 2019; Comeras et al., 2019). Since the cerebrospinal 

fluid (CSF) directly interacts with the cerebral extracellular space, released transmitters may 

diffuse into the CSF, thus revealing the biochemical changes occurring in the CNS (Johanson et al., 

2008). In addition, two other mechanisms have been described for neuropeptide release into the 

CSF (Figure 8): direct release (A) and amplification release (B). In the first one, neurons may 

release neuropeptides directly at the ventricular surface whilst, in the second one, synapses 

formed with ependymal cells may cause the latter to amplify the signal (Alpár et al., 2018; Noble 

et al., 2018).  
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Figure 8. Direct (A) and amplification (B) mechanisms of neuropeptide diffusion via CSF. Modified from Alpár et al. 
(2019). 

 

The features of peptidergic secretion described thus far in the present work come from studies 

generally conducted in rodents. In fact, the regulated secretory pathway has been poorly 

investigated in human neurons until recently, when the use of human induced pluripotent stem 

cells has shed some light into the matter (Hook et al., 2014; Merkle et al., 2015).   

 

According to a recent study conducted in induced pluripotent stem cells, human DCV main 

characteristics are similar to the previously described in rodents. In particular, human DCV 

trafficking dynamics (i.e. faster in axons than in dendrites), secretion efficiency (i.e. low and 

intensity-demanding), SNARE and Ca2+ dependencies are consistent with rodent studies (van de 

Bospoort et al., 2012; Emperador Melero et al., 2017; Farina et al., 2015; Kwinter et al., 2009; De 

Wit et al., 2009). Furthermore, differences in maturation timings between peptidergic and 

classical neurotransmission have been described, being DCVs released at highest levels when 

there is a little SV secretion yet (Emperador Melero et al., 2017). 
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1.2. Gliotransmission   

Traditionally, neuroscience has focused on the study of neurons to decipher and 

comprehend the mysteries of the brain. However, to really understand the functioning of such a 

complex organ, the role of glial cells could not be further underestimated. In the previous years, 

great advances have been made regarding glia and their communication with neurons (Perea et 

al., 2014).  Even though glial cells were originally underrated to a mere agglutination role, today 

it is widely accepted that they participate in many other cerebral functions (i.e. homeostasis, 

metabolism, neurotransmission) (Allen and Barres, 2009; Souza et al., 2019). 

 

Glial cells can be classified into macroglia (constituted by astrocytes and oligodendrocytes) and 

microglia, all of them in continuous communication with neurons in order to achieve their 

functional purposes (Zeng et al., 2018). Astrocytes are the most numerous kind of glial cell found 

in the CNS and they represent the most adaptable and multifunctional type of glia (Bass et al., 

1971; Zorec et al., 2016). Curiously, astrocytes (i.e. astroglia) owe their name to their star-shaped 

morphology (Kimelberg and Nedergaard, 2010), whereby they can also be classified  into different 

subtypes: protoplasmatic and fibrous (Tabata, 2015).  

 

Protoplasmatic astrocytes display a greater number of branches than the fibrous ones, and they 

are found in grey or white matter, respectively (Lanjakornsiripan et al., 2018). It is precisely due 

to such branches and ramifications that astrocytes contact with synapses and blood vessels to 

perform key energetic functions (Schwarz et al., 2017). Noteworthily, the main processes 

attributed to astroglia are actually carried out by protoplasmatic astrocytes, whereas the role of 

fibrous astrocytes is still not entirely understood (Souza et al., 2019; Tabata, 2015).  

 

Astrocyte important functions include ion homeostasis, neurotransmitter removal, regulation of 

energy and metabolism at synapses, preservation of the blood brain barrier (BBB) and secretion 

of gliotransmitters (i.e. transmitters and modulators as glutamate, D-serine, ATP; neurotrophins 

and peptides as NPY, BDNF, atrial natriuretic peptide – ANP) (Bonansco et al., 2011; Mathiisen et 

al., 2010; Simard and Nedergaard, 2004; Zorec et al., 2016). Besides, astrocytes communicate with 

each other via a gap-junctions, which enable them to work together as a glial network or 

syncytium and to carry out processes as ion buffering or elimination of toxins (Giaume and Liu, 

2012; Ma et al., 2016).  
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Beyond the clearance of neurotransmitters and ions, astrocytes are active participants of synaptic 

transmission thus integrating and controlling synaptic processes (Perea et al., 2009). A 

bidirectional intercommunication exists between astroglia and neurons at the synaptic level, 

which has been termed as tripartite synapse (Volterra and Bezzi, 2002). According to the tripartite 

synapse model, astrocytes are considered to be the third constitutive element of synapses, 

surrounding presynaptic and postsynaptic terminals (Figure 9) (Halassa et al., 2007). It is proposed 

that secreted neurotransmitters are recognised by astrocyte metabotropic receptors, which 

trigger an increase in intracellular Ca2+ and the subsequent release of gliotransmitters (Santello et 

al., 2012). 

 

However, since the first studies of astrocyte secretion were published, great controversy has been 

elicited regarding gliotransmission Ca2+-dependence and its functional implications in vivo. It 

seems that, even though astrocyte transmission is not limited to, it is mostly mediated by Ca2+ 

(Savtchouk and Volterra, 2018). Multiple evidences indicate that astrocytes are able to release 

molecules through many mechanisms, some dependent and other independent of Ca2+ signalling. 

Different frequencies, cellular locations and origins of Ca2+ transients will trigger diverse specific 

responses, such as gliotransmitter vesicular or non-vesicular release (Bazargani and Attwell, 2016; 

Verkhratsky et al., 2016).  

 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 

Figure 9. Electron micrograph (A) and representative schema (B) of a tripartite synapse. Modified from Halassa, Fellin 
and Haydon (2007). 
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Regarding non-vesicular neurotransmitter release, two main processes exist in astrocytes: 

channel-mediated diffusion and transporter-dependent extrusion (Verkhratsky et al., 2016). 

Glutamate and ATP are released by diffusion via anionic channels, connexins and P2X7 receptors 

(Liu et al., 2006; Scemes et al., 2007; Suadicani et al., 2006). Otherwise, astrocyte GABA secretion 

is operated by the GABA-transporter 3 with inversed functioning (Unichenko et al., 2012). 

Glutamate, though, may also be released by antiporter transport proteins as the 

cysteine/glutamate antiporter (Fiacco and McCarthy, 2018). 

 

Glutamate release from astrocytes ultimately modulates neuronal networks locally or distantly 

(Matos et al., 2018). However, after being taken up, it is not only destined to gliotransmission 

(Souza et al., 2019). Glutamate may enter the glutamate-glutamine cycle, an ATP-consuming and 

astrocyte-exclusive reaction that transforms glutamate into glutamine, which is released to 

ensure fast glutamate regeneration in neurons (Tani et al., 2014). Moreover, glutamate is used to 

synthesize and release glutathione, which is a crucial anti-redox unevenness defender (Dringen 

and Hirrlinger, 2003). Lastly, glutamate may undergo oxidative degradation to become pyruvate, 

thus resulting in another lactate supply for neurons (Anderson and Swanson, 2000).  

 

Interestingly, glutamate secretion in astrocytes occurs from vesicular exocytosis, as well (Guček 

et al., 2012). In fact, astrocytes display different vesicles whereby amino acid and peptidergic 

transmitters can be released in a Ca2+ dependent manner (Verkhratsky et al., 2016). Amino acid 

transmitters, such as glutamate and D-serine, are stored and released in small and clear vesicles 

similar to neuronal synaptic vesicles (i.e. synaptic-like micro vesicles – SLMVs). Neuropeptides as 

BDNF and ANP are incorporated and secreted in larger vesicles that resemble neuronal DCVs (i.e. 

DCV-like) (Calegari et al., 1999; Parpura and Zorec, 2010). 

 

Besides SLMVs and DCVs, other releasable vesicular organelles are found in astrocytes. Astrocytic 

lysosomes, for instance, may act as secretory lysosomes and release their content (e.g. proteolytic 

enzymes and ATP) following stimulation (Li et al., 2008; Verderio et al., 2012). Moreover, 

endocytosis of extracellular components into recycling vesicles and their following release occur 

in astrocytes as well, which are crucial processes that contribute to CSF composition and 

functioning of the glymphatic system (Thrane et al., 2014; Vardjan et al., 2014).  
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Diverse Ca2+ sources exist in astrocytes that contribute to vesicular secretion. Extracellular Ca2+ 

entrance via store-operated Ca2+ channels (SOCCs) and voltage-gated Ca2+ channels (VGCCs), 

participate in astrocyte vesicular release (Sakuragi et al., 2017; Yaguchi and Nishizaki, 2010).  

However, increases in intracellular Ca2+ promoting astrocyte exocytosis are mainly caused by the 

efflux of Ca2+ ions from internal stores as the ER and mitochondria (Parpura et al., 2011). That is, 

astrocytes sensing of synaptic and extrasynaptic signals cause local intracellular Ca2+ elevations 

which are further amplified by Ca2+-mediated receptor activation and subsequent Ca2+ efflux from 

internal stores (Figure 10) (Semyanov, 2019). 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Synaptic and extrasynaptic activity mechanisms for signal sensing and Ca2+ amplification in astrocytes. 
Extracted from Semyanov (2019). 
 

Ca2+ enters the ER via the sarco-endoplasmic reticulum Ca2+-ATPase (SERCA), whereas it exits the 

ER due to activation of ER receptors as ryanodine receptors and inositol tri-phosphate receptors 

(IP3R) (Hua et al., 2004). After Ca2+ elevation at micromolar concentrations, Ca+2 ions are 

internalized in mitochondria via mitochondrial Ca2+ uniporters (MCUs) (Williams et al., 2013). 

Nanomolar Ca2+ concentrations, however, cause the entrance of Ca2+ into mitochondria via 

H+/Ca2+ exchangers (HCXs) (Santo-Domingo and Demaurex, 2010). Ca+2 efflux from mitochondria 

is mediated by mitochondrial permeability transition pores (MPTPs) and Na+/Ca2+ exchangers 

(NCXs) (Rizzuto et al., 2012). 
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Two main mechanisms mediate astrocyte sensing of synaptic signals and amplification of local 

Ca2+ increases. Firstly, astrocytic synaptic branches uptake glutamate via excitatory amino acid 

transporters (EAAT), which cause an increase in Na+ (Danbolt, 2001). In turn, excess of Na+ must 

be removed in exchange with Ca2+ via NCX inverse functioning, thus causing Ca2+ local increases 

(Kirischuk et al., 2016). Secondly, synaptic glutamate interacts with metabotropic receptors at 

astrocyte membranes which activate phospholipase C (PLC) and the subsequent increase of IP3. 

As IP3R agonists, both Ca2+ and IP3 promote Ca2+ release from the ER (Sherwood et al., 2017).  

 

Extrasynaptic mechanisms of signal sensing and Ca2+ amplification exist in astrocytes, as well. 

Neurotransmitters and gliotransmitters diffuse far from synaptic sites thus becoming 

extrasynaptic signals which target astrocyte receptors (both metabotropic and ionotropic) 

(Araque et al., 2014). Glutamate and ATP ionotropic receptors (i.e. NMDAR and P2XR, 

respectively) cause direct Ca2+ influx from the extracellular space when activated by extrasynaptic 

glutamate or ATP (Palygin et al., 2010). Otherwise, activation of metabotropic receptors for 

glutamate, ATP, serotonin and adrenoreceptors (i.e. mGluR, P2Y, 5-HT2 and α1-AR, respectively) 

cause the subsequent production of IP3, which promotes Ca2+ release from the ER (Kirischuk, 

1996; Kirischuk et al., 1995; Porter and McCarthy, 1995). 

 

In addition to Ca2+-mediated Ca2+ release mechanisms, astrocytes display intrinsic Ca2+ oscillations 

that arise independently of external signals (Aguado et al., 2002; Nett et al., 2002; Oheim et al., 

2018). Spontaneous Ca+2 fluctuations diverge in time and size, are found in small astrocyte 

microdomains and occur both in vitro and in situ (Sun et al., 2014). Mechanisms participating in 

astrocyte spontaneous Ca2+ events include IP3R-dependent spontaneous efflux from ER, Ca2+ 

entrance via the plasma membrane and opening of mitochondrial MTPs (Agarwal et al., 2017; 

Aguado et al., 2002; Berridge et al., 2003; Pankratov and Lalo, 2014; Rungta et al., 2016).  

 

Astrocyte regulated secretion relies on multiple proteins that constitute the molecular machinery 

of gliotransmission (Bohmbach et al., 2016; Paco et al., 2009). As in neurons, synaptotagmin 

proteins act as Ca2+ sensors of astrocyte vesicular secretion (Zhang et al., 2004). Astrocytic 

synaptotagmin isoforms include synaptotagmins 4, 5, 7 and 11 whereas neuronal synaptotagmins 

1 and 2 are apparently absent in astrocytes (Mittelsteadt et al., 2009; Wilhelm et al., 2004). In 

turn, some variations exist regarding astrocytic and neuronal SNARE isoforms (Guček et al., 2012). 
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In particular, VAMP2 and syntaxin-1 are found both in neurons and astrocytes, even though 

VAMP3 is additionally expressed in many astrocytes (Bergersen and Gundersen, 2009; Paco et al., 

2009). After interacting with syntaxin-1 and VAMP2, SNAP23 (astrocytic equivalent of the 

neuronal SNAP25) maintains vesicles tethered for longer times (Montana et al., 2009). Both 

astrocyte SLMVs and DCVs may display VAMP2 or VAMP3 in vesicle membranes (Verkhratsky et 

al., 2016). Differently, VAMP7 (or tetanus neurotoxin insensitive-VAMP) is the vesicular SNARE 

responsible of astrocyte secretory lysosome fusion (Verderio et al., 2012). 

 

Other important astrocyte secretion machinery includes vesicular neurotransmitter transporters 

as VGLUT, VGAT, vesicular nucleotide transporter (VNUT) and D-serine transporter, which are key 

for the entrance of glutamate, GABA, ATP and D-serine into SLMVs, respectively (Bezzi et al., 2004; 

Blakely and Edwards, 2012; Martineau et al., 2013). As in neurons, astrocytic DCVs rely on 

members of the secretogranin family as SgII and SgIII for cargo concentration and vesicle 

biogenesis (Calegari et al., 1999; Paco et al., 2009, 2010).  

 

Each astrocytic secretory organelle has specific Ca2+ requirements to achieve fusion. For instance, 

slow and constrained Ca2+ increases are needed for secretory lysosomes to fusion, whereas 

secretion of SLMVs is associated to Ca2+ spikes (Li et al., 2008; Verderio et al., 2012). Vesicle 

trafficking is also differently affected by determined Ca2+ levels in astrocytes. SLMVs containing 

glutamate move faster when intracellular Ca2+ levels rise, whilst trafficking of secretory lysosomes 

and DCVs decelerate (Potokar et al., 2010; Stenovec et al., 2007).   

 

Astrocytic exocytosis has been determined to happen in a much slower timescale than neurons 

(usually <0.5ms) (Südhof, 2012); that is, a considerable delay (generally > 1min) exists between 

intracellular Ca2+ increase and secretion (Vardjan et al., 2016). In detail, SLMVs positive for VGLUT 

markers fuse hundreds of milliseconds after Ca2+ rises (Bezzi et al., 2004). Secretion of astrocyte 

DCVs occurs around minutes after stimulation (Paco et al., 2009; Prada et al., 2011; Ramamoorthy 

and Whim, 2008), in the same manner than for secretory lysosomes (Li et al., 2008). The most 

significant characteristic features of astrocyte vesicular secretory organelles described thus far 

are summarized in Table 1.  
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 SLMVs DCVs Secretory Lysosomes 

Size (nm) 30 – 100 100 – 600 300 – 500 

Appearance Clear, lucent Dense-core Not so dense 

Vesicle formation 
Plasma membrane 
recycling vesicles 

Golgi apparatus-
nascent vesicles 

Lysosomal organelles 
with LAMP1 and 

cathepsin D 

Molecular 
machinery 

VGLUT 
SgII 
SgIII 

VNUT 

Fusion machinery 
(vesicle SNAREs) 

VAMP2 
VAMP3 

VAMP2 
VAMP3 

VAMP7 

Stimulation to 
fusion delay  

> 100ms > 1min > 1min 

Released 
transmitters 

Glutamate 
D-serine 

ATP 

BDNF 
ANP 
NPY 
ATP 

ATP 
Cathepsin B 

Proteolytic Enzymes 

 
Table 1. Characteristic features of astrocyte SLMVs, DCVs and secretory lysosomes. Modified from Guček, Vardjan 
and Zorec  (2012) and Verkhratsky et al. (2016). 
 

Important peptide transmitters as BDNF, NPY and ANP are synthesized in astrocytes and released 

following regulated stimulation in DCVs (Calegari et al., 1999; Krzan et al., 2003; Paco et al., 2009; 

Ramamoorthy and Whim, 2008). Such transmitters exert key physiological functions as synapse 

modulation and regulation of neurotransmitter availability and recycling at synapses (Verkhratsky 

et al., 2016). BDNF, for instance, is a strong controller of synaptic plasticity (Poo, 2001), NPY is a 

potent regulator of neuronal proliferation and growing of vascular tissue (Geloso et al., 2015) and 

ANP regulates brain blood and salt intake (Potter et al., 2009).  

 

Astrocyte secretion of peptidergic transmitters as neuropeptides and hormones is also crucial for 

the regulation of other important neuroendocrine physiological functions as metabolism, fluid 

homeostasis, circadian rhythms and reproduction (MacDonald et al., 2019). Besides, as 

constitutive elements of the BBB, astrocytes are not only direct targets but also regulators of 

circulating hormones and peptides throughout the CNS (Abbott et al., 2006).  
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1.3. Neurotransmission and gliosecretion in brain pathologies 

Understanding the physiological mechanisms of regulated secretion is key to comprehend 

the dysregulations in neurotransmission and gliotransmission that occur in many cerebral 

disorders (Verkhratsky et al., 2017; Volk et al., 2015). Alterations of classical and peptidergic 

transmission have been evidenced in several brain diseases as ischemia, epilepsy, schizophrenia, 

autism, cognitive impairment and other neurological and neurodegenerative diseases (Hynd et 

al., 2004; Meyer-Lindenberg et al., 2011; Sah and Geracioti, 2013).  

 

Neurotransmission and synaptic plasticity are strongly affected by the immune system (Limanaqi 

et al., 2019). Glial cells trigger variable responses after brain damage, which are known as reactive 

gliosis (Burda and Sofroniew, 2014). Even though astrogliosis has been traditionally considered 

detrimental, several findings have shown that interfering astrogliosis can aggravate the 

progression of the damage (Nobuta et al., 2012; Okada et al., 2006). In fact, two different types 

of reactive astrocytes have been described: A1 astrocytes, which are harmful to synapses, and A2 

astrocytes, which are considered to be protective (Liddelow et al., 2017).  

 

Astrocyte reactivity is acknowledged as the expression of intermediate filament proteins as glial 

fibrillary acidic protein (GFAP) increases (Pekny et al., 2014). Moreover, overexpression of other 

proteins as lipocalin 2 (LCN2) have been reported in reactive astrogliosis (Zamanian et al., 2012). 

In addition to morphological changes, reactive astrocytes also undergo variations in the secretion 

of immunomodulators (Waschek, 2013). Vesicle delivery is affected in reactive astrocytes and 

alterations in gliotransmission (i.e. release of cytokines, amino acids, peptidergic transmitters and 

growth factors) has been linked to the pathological mechanisms of several brain disorders (Allan 

and Rothwell, 2001; Brosseron et al., 2018; Halassa et al., 2007).  

 

According to a biological model of astrocyte activation, astrocyte activity may range from 

hypoactive to hyperactive stages, being the physiological states at the middle (Figure 11). 

Hypoactive astrocytes display decreased gliotransmission and NMDAR activity, whilst in 

hyperactivated astroglia increased Ca2+ fluctuation frequencies, gliotransmission and NMDAR 

functioning are exhibited (Halassa et al., 2007). Therefore, imbalances caused by astrocyte 

hypoactivation have been related to disorders as schizophrenia whereas hyperactive astroglia has 

been linked to pathologies as epilepsy (Rajkowska et al., 2002; Tian et al., 2005).  
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Figure 11. Activation spectrum of astrocytes in physiological and pathological states. Extracted from Halassa, Fellin 
and Haydon (2007). 
 

In neurodegenerative diseases, besides reactive astrogliosis, another profound alteration occurs 

in astrocytes which is known as astrodegeneration and is evidenced as astrocyte aberrant 

homeostatic functioning and atrophy (Scuderi et al., 2013). Both reactive and atrophic profiles 

may coexist in time and cerebral region in normal aging and dementia indicating that when 

atrophy prevails over reactivity, progression of neurological deficits is promoted (Olabarria et al., 

2010; Yeh et al., 2011). Besides, abnormal Ca2+ dynamics is evidenced in astrocytes located at 

prefrontal and entorhinal cortical regions, which may contribute to the susceptibility of these 

specific areas to neurodegeneration (Verkhratsky, 2019).  

 

Alterations in Ca2+ signalling and, subsequently, in neurotransmitter release have been described 

in neurons in the context of neurodegenerative diseases, as well (Mattson and Chan, 2003; 

Moreth et al., 2013). In fact, disturbances in glutamate neurotransmission may be related to the 

pathological processes occurring in neurodegenerative disorders (Hynd et al., 2004). Other 

characteristic features of neurodegeneration include aggregation and accumulation of disease-

related proteins, lysosomal and autophagy disfunction and abnormal mitochondrial functioning 

(Katsnelson et al., 2016). Altogether, intercellular communication processes in the brain are 

clearly affected in neurodegenerative diseases and represent an important target not only for 

therapeutic interventions but also to further comprehend the pathological mechanisms 

underlying disease.  
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2. Alzheimer’s disease 

2.1. Epidemiology and physiopathology  

Alzheimer’s disease (AD) is the most prevalent neurodegenerative disorder and the most 

frequent cause of dementia worldwide (Wolters and Ikram, 2018). Currently, 50 million people 

are suffering from dementia: AD-dementia representing around two thirds of the cases and the 

other third being due to vascular dementia, mixed dementia or dementia with Lewy bodies or 

frontotemporal degeneration (Alzheimer’s Disease International, 2018). With annual costs of 

hundreds of billion dollars, AD has an enormous impact on society and economy (Deb et al., 2017).  

 

AD primarily affects the cerebral cortex, causing cognitive dysfunction and memory loss (Sun et 

al., 2018). Core AD histopathological hallmarks are extracellular amyloid-β (Aβ) plaques and 

intracellular aggregates of hyperphosphorylated tau protein (i.e. neurofibrillary tangles – NFTs) 

(Selkoe and Hardy, 2016). Other AD pathological features include gliosis (Acosta et al., 2017), 

neuronal degeneration (Kamat et al., 2016) and granulovacuolar degeneration (GVD) bodies (i.e. 

membrane-bound vacuoles that accumulate in tauopathies) (Wiersma et al., 2019). In addition, 

synaptic dysfunction and synapse loss are early events occurring in AD pathogenesis which, 

together with impaired hippocampal neurogenesis, may contribute to the initiation of the 

cognitive impairment (Moreno-Jiménez et al., 2019; Tönnies and Trushina, 2017).  

 

According to diagnostic criteria, AD can be divided into diverse clinical stages, i.e. preclinical AD, 

mild cognitive impairment (MCI) and AD dementia (McKhann et al., 2011), which may be 

prolonged in time more than decades (Morris, 2005). In spite of all the scientific advances, early 

clinical diagnosis is still difficult, considering the comorbidities and lack of entire correlation 

between histological alterations and clinical symptoms (Hyman et al., 2012). Besides, while 

imaging techniques provide information about amyloid deposition in patients, other pathological 

hallmarks of AD as synapse loss, gliosis and GVD are tough to quantify in vivo (Hane et al., 2017).  

 

In the past 20 years, really few from hundreds of AD drugs have been approved, being solely useful 

for symptom management (Alzheimer’s Association, 2018). Thus, in the coming years, research 

on disease-modifying drugs together with new early intervention and prevention strategies will 

be crucial and will represent a huge challenge for science (Long and Holtzman, 2019).  
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2.2. Hypotheses on the etiopathogenesis 

AD is a complex disease with multifactorial triggering causes that can be grouped into 

genetic (70%) and environmental (30%) (Dorszewska et al., 2016). Genetic factors include 

hereditary or spontaneous mutations in genes associated with the amyloid precursor protein 

(APP), accounting for familial AD (FAD) or sporadic AD (SAD), respectively (Campion et al., 2016). 

Genes responsible for early-onset FAD are primarily APP itself and proteins associated with APP 

processing, as presenilin 1 (PSEN1) and presenilin 2 (PSEN2) (Lanoiselée et al., 2017). Otherwise, 

age, chromosomal sex and apolipoprotein E (APOE) are well-established risk factors for late-onset 

SAD (Riedel et al., 2016). 

 

APOE is released in the brain principally by astrocytes (followed by microglia and neurons) and, as 

a protein of the cholesterol metabolism, it exerts key functions for synapse formation and 

maintenance (Xu et al., 2006). Three APOE isoforms exist in humans, which influence synaptic 

proteins as PSD-95 and Syp specifically (APOEε4 > APOEε3 > APOEε2) (Love et al., 2006). Besides, 

carrying a single copy or two copies of APOEε4 is associated with 3-fold or 12-fold greater AD risk, 

respectively (Holtzman et al., 2011). In AD patients, APOEε4 is linked to an earlier onset and a 

faster disease progression (Agosta et al., 2009) while most of late-onset AD cases are associated 

with double APOEε3 carriers (Wolfe et al., 2019). 

 

Based on a great number of scientific evidences several theories have been postulated on the 

etiopathogenesis of AD, among which the following represent the two major hypotheses 

(Sochocka et al., 2017): the “amyloid cascade hypothesis” (Hardy and Allsop, 1991) and the 

“inflammation hypothesis of AD” (Krstic and Knuesel, 2013).  

 

According to the amyloid cascade hypothesis, an increase in the levels of Aβ is an initiating event 

in AD (Selkoe and Hardy, 2016). An incorrect processing of APP into the Aβ-peptide in the brain 

induces an imbalance between the production and clearance of Aβ, raising the relative levels of 

the most self-aggregating forms of the peptide, which results in the formation of aberrant Aβ-

plaques that will lead to neuronal degeneration, dementia and eventually death (Hardy and 

Selkoe, 2002).  
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APP is a membrane protein processed by three proteases known as “secretases” (α, β and γ-

secretases) due to the secretion that undergo their cleaved substrates (Haass, 2004). β-secretase 

is also known as BACE and the γ-secretase complex includes PSEN1 and PSEN2 as its catalytic 

subunit (Haass and Selkoe, 2007). Two main APP processing pathways exist: the amyloidogenic 

pathway (promotes Aβ production) and the anti-amyloidogenic pathway (avoids Aβ formation).  

 

In the anti-amyloidogenic processing of APP (Figure 12A), α-secretase activity followed by γ-

secretase finally results in the liberation of a truncated Aβ peptide called P3, which is irrelevant 

to the pathology (Haass et al., 2012). In the amyloidogenic pathway (Figure 12B), production of 

Aβ occurs by the combined activity of β and γ-secretases. BACE-mediated processing liberates a 

large truncated peptide which corresponds to the ectodomain of APP (APPsβ) together with a 

carboxyterminal portion (βAPP CTF), which is subsequently cleaved via γ-secretase activity (Selkoe 

and Hardy, 2016). Consequently, generated Aβ is released extracellularly and may reach fluids as 

plasma or CSF (Haass et al., 2012).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12. APP proteolytic processing via the anti-amyloidogenic (A) and the amyloidogenic (B) pathways. Modified 
from (Haass et al., 2012) 
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Mutations in APP may lead to early-onset FAD by means of two different mechanisms: rising the 

general production of all Aβ forms (e.g. APP mutations surrounding the β cleavage location and 

APP duplications) or generating Aβ species as Aβ42 and Aβ43, which are much more susceptible 

of aggregation (e.g. mutations within the Aβ sequence in APP) (Lanoiselée et al., 2017). 

Differently, all the diverse mutations in presenilins seem to decrease cleavage processivity, rising 

the relative production of larger aggregation-prone Aβ forms, which is suggested to occur in some 

SAD cases, as well (Szaruga et al., 2015).  

 

The connection between the Aβ deposition and the tau pathology is not completely understood 

(Israel et al., 2012). Diverse evidences point towards the requirement of Aβ-plaques for the 

development of the tauopathy in AD (Long and Holtzman, 2019). In fact, human studies have 

determined that the progression of the tau pathology from the entorhinal cortex to the neocortex 

does not occur when the Aβ accumulation is missing (Pontecorvo et al., 2019; Wang et al., 2016a). 

Besides, live imaging techniques of amyloid and tau pathologies performed longitudinally in AD 

patients have evidenced that Aβ deposition levels predict the beginning of the tauopathy which, 

in turn, predicts the decline of cognitive functions (Hanseeuw et al., 2019).  

 

The original amyloid cascade hypothesis has been ampliated with the lately proposed theory of 

“the cellular phase of AD” (De Strooper and Karran, 2016). According to this hypothesis, AD 

pathology pre-symptomatically begins with the Aβ deposition and the tauopathy (i.e. biochemical 

phase), which are initially well-tolerated alterations until cellular homeostasis is gradually 

disrupted (i.e. cellular phase) prompting the development of cognitive symptoms (i.e. clinical 

phase) (Salta and De Strooper, 2017). Thereby, the disease would only be clinically acknowledged 

whenever cellular homeostatic functions and physiological processes stop working appropriately.  

 

During the cellular phase, the impairment of the neurovascular unit together with alterations in 

calcium signalling and neurotransmission drive the dysfunction of neuronal and glial activity which 

ultimately lead to neurodegeneration and cognitive impairment (Long and Holtzman, 2019). 

Diverse factors may promote the cellular phase of AD, including impaired glucose metabolism and 

mitochondrial dysfunction, which are both early events in AD pathology (Caldwell et al., 2015; 

Habeck et al., 2012). Mitochondrial dysfunction is especially relevant as it seems to be pivotal for 

the onset of neuroinflammation (Pugazhenthi, 2017).   
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In fact, inflammatory responses strongly correlate with the onset and progression of AD in humans 

(Van Eldik et al., 2016). As postulated in the inflammation hypothesis of AD (Figure 13), chronic 

inflammation and ageing-derived cellular stress affect the cytoskeleton structural integrity and 

alter the axonal transport, which may drive accumulation of APP and formation of NFTs (Krstic 

and Knuesel, 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
Figure 13. The inflammation hypothesis of late-onset AD. Modified from Krstic and Knuesel (2013). 

Inflammation hypothesis of AD 
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According to this model, cellular stress associated with neuronal ageing would trigger the 

development of axonal varicosities that are extruded and eliminated by neighbouring glial cells 

(Doehner et al., 2012). During chronic inflammation (due to infection, disease or ageing), 

hyperphosphorylated tau damages axonal transport (Kanaan et al., 2011) and stress-driven APP 

accumulates in larger axonal protuberances together with mitochondria and other organelles 

(step 1) (Shahpasand et al., 2012). This situation would also prepare microglia for the immune 

tasks that may consequently occur (Krstic et al., 2012). 

 

Consequently, impairment of axonal transport may drive the destabilization of synapses (with the 

subsequent synapse loss), the development of paired helical filaments (i.e. precursor forms of 

NFTs) in dystrophic neurites and axonal leakage (step 2) (Iijima-Ando et al., 2012; Xiao et al., 2011). 

Then, inappropriate functioning of hyperreactive surrounding microglial cells may lead to 

alterations in the clearance of dystrophic neurites and to the production of neurotoxic 

proinflammatory conditions (step 3) (Krstic and Knuesel, 2013). Lastly, axonal loss together with 

the neighbouring proinflammatory signals would drive the development of NFTs and the 

subsequent neuronal death (step 4) (Kocherhans et al., 2010). 

 

Neuronal modulatory signals keep microglial functions in a controlled silent homeostatic status, 

which is altered in neurodegenerative diseases (Sheridan and Murphy, 2013). As aforementioned, 

dysregulations in this homeostatic microglial phenotype promote a shift into an hyperreactive 

inflammatory state which would contribute to the spreading of the tauopathy (Bolós et al., 2016). 

Besides, due to their close relationship with Aβ accumulations, microglial cells are crucial 

mediators of AD progression (Condello et al., 2015). Thus, not only Aβ has an effect in neurons 

(i.e. pre-conditioning the synaptic pathology) but also it triggers gradual alterations in microglia 

that induce and accelerate onset and disease progression (Simon et al., 2019). 

 

Astrogliosis is another clear hallmark of AD pathology, especially around Aβ plaques (Acosta et al., 

2017). In fact, Aβ promotes the activation of both astroglia and microglia, which occurs early in 

the progression of AD, even before the formation of Aβ plaques (Ahmad et al., 2019). Augmented 

production of proinflammatory cytokines results in increased oxidative stress, which mediates 

synaptic dyshomeostasis (Avila-Muñoz and Arias, 2014). Importantly, it has been evidenced that 

oxidative stress promotes tau pathology and synapse dysfunction in AD (Kamat et al., 2016).   
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Another core feature of AD pathogenesis is the loss of neurons in diverse cerebral regions, which 

starts during the preclinical phase of AD (i.e. before the formation of Aβ depositions and NFTs) 

and correlates with the cognitive manifestations (Long and Holtzman, 2019). The proposed 

mechanism of neuronal death in AD involves Aβ and NFT-mediated activation of caspases, which 

drive mitochondrial damage and activation of downstream effectors that ultimately lead to the 

apoptotic death of cells (Ribe et al., 2008). 

 

Even though neuronal loss is mainly detrimental, selective neuronal death in AD has been proven 

to be beneficial against Aβ-mediated injury and cognitive impairment (Coelho et al., 2018). Several 

stress factors as impaired neuronal activity, synapse and energy metabolism affect each neuron 

differently and favour fitness variances between neurons (Coelho and Moreno, 2019).  

 

Neuronal networks can be reorganized during neuronal damage, as dysfunctional neurons result 

more harmful for the circuit than the elimination of them from the circuit itself (Kim and Kim, 

2016; Yaron and Schuldiner, 2016). Thus, the “neuronal competition hypothesis of AD” (Figure 

14) postulates that individuals displaying effective neuronal competition mechanisms may be at 

lower risk of suffering from AD than those with a less efficient system (Coelho and Moreno, 2019).  

 

 

 

 

 

 

 

 

 

 
 
Figure 14. The neuronal competition hypothesis of AD. Modified from Coelho and Moreno (2019). 
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2.3. Animal models 

It is nowadays widely accepted that AD starts many years before the manifestation of 

clinical symptoms but the study of such pathological early features is still difficult (Sperling et al., 

2011). Investigating AD in animal models is key to ensure a better understanding of AD 

physiopathology, especially at initial stages of the disease (Nilsen et al., 2012). The use of 

genetically modified animal models facilitates the study of AD triggering factors, disease 

progression, therapeutics and biomarkers (Sasaguri et al., 2017). Additionally, several non-

transgenic inducible animal models for AD have also been developed (Chen et al., 2013; Höglund 

et al., 2020; Lahmy et al., 2013). 

 

The perfect transgenic model has to imitate several aspects of the human pathology, which should 

include the involvement of analogous cells and structures, similar causation origin and time course 

progression (Sosa et al., 2012). Moreover, an appropriate AD model should enable the study of 

cognitive functions as learning and memory, the application of brain imaging techniques and the 

examination of body fluids (i.e. blood and CSF) (Do Carmo and Cuello, 2013). Since the creation of 

the first effective transgenic mouse model of AD (Games et al., 1995), several useful mouse 

models have been defined (Dietrich et al., 2018). Most of them are based in genes involved in the 

familial type of AD (i.e. APP, PSEN1 and PSEN2) and display diverse features of AD pathology as 

Aβ depositions, inflammation and, in some cases, tau phosphorylation and behavioural 

impairments (Esquerda-Canals et al., 2017).  

 

After the first mouse models of AD, which were based in APP mutations (Games et al., 1995; Hsiao 

et al., 1996), several other APP models were developed, presenting either one or two mutations 

in APP (e.g. APP Swedish mutation in the APP23 model or both APP swedish and Indiana mutations 

in the J20 model) (Sasaguri et al., 2017). First models, however, nedeed high APP overexpression 

to acomplish plaque formation and displayed no taupathology (Dietrich et al., 2018). As mouse 

models obtained exclusively with presenilin mutated genes exhibited increased levels of Aβ42 but 

lacked amyloid plaques, models combining APP and PSEN1 transgenes were developed. These 

models, such as APP/PS1 and 5xFAD mice, presented an earlier onset and a faster disease 

progression than monogenic lines (Esquerda-Canals et al., 2017).  
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In detail, the 5xFAD mouse model combines APP Swedish, Florida and London mutations with two 

PSEN1 mutations (M146V and L286V) and develops a rapid amyloidosis exhibiting Aβ depositions 

from 2 months of age, followed by significant extracellular Aβ plaques from 3 months (Dietrich et 

al., 2018; Oakley et al., 2006). Early cognitive alterations have been described in this model at 6-

7 months of age (Lee et al., 2019), whereas greater cognitive impairment is evidenced at 9-10 

months (Schneider et al., 2014), coinciding with synaptic degeneration and neuronal loss 

(Esquerda-Canals et al., 2017; Oakley et al., 2006; Spangenberg et al., 2016). Given the early 

neuropathological alterations and the subsequent functional and behavioral disorders, 5xFAD 

mice are considered a very suitable model to study AD (Gurel et al., 2018; Schneider et al., 2014).  

 

Since mutations in tau are absent in 5xFAD mice, neurofibrillary tangle pathology is not evidenced 

in this model (Oakley et al., 2006; Stancu et al., 2014). To overcome this limitation, researchers 

developed triple transgenic models combining mutations in APP, PSEN and tau, such as the 3xTg-

AD mouse model, which develop tauopathy in addition to the amyloid pathology (Oddo et al., 

2003). However, even though mouse models may not display every single feature of AD, as might 

be the lack of tau pathology in several transgenic mice (Israel et al., 2012), they are still crucial for 

1) comprehending interactions between genetic factors and the Aβ accumulation, 2) identifying 

new therapeutic targets and 3) evaluating effects of disease-modifying strategies on clinical 

symptoms recapitulation (Ribe et al., 2008). 

 

Rat models for AD have been developed as well, which exhibit several advantages compared to 

mice: their larger body enable the application of difficult surgical procedures, they are 

physiologically closer to humans and display a more complex behavioural profile (Do Carmo and 

Cuello, 2013). A significant transgenic rat model for AD is the TgF344-AD model, which carries 

mutations in APP and PS1, develops progressive Aβ accumulation from 6 months of age and seems 

to display tau pathology from 16 months (Cohen et al., 2013). However, in other similar transgenic 

rat models with APP/PS1 mutations, amyloid pathology but no tau pathology have been described 

(Flood et al., 2009; Leon et al., 2010). 
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2.4. Biomarkers 

Up-to-date, confirmative diagnosis of AD is only attainable post-mortem and extensive 

research is being done to find biomarkers that contribute to earlier detection (Lashley et al., 2018). 

Suitable AD biomarkers must be quantifiable indicators that enable evaluation of disease 

progression (Hane et al., 2017). AD biomarkers can be classified according to diverse research 

strategies or contexts of use as onset prediction, risk stratification, diagnosis, prognosis and drug-

response monitoring (Molinuevo et al., 2018). The most well-established AD biomarkers include 

image biomarkers and fluid biomarkers (i.e. CSF and blood biomarkers) (Lewczuk et al., 2017). 

 

Regarding image biomarkers, magnetic resonance imaging (MRI), X-ray ultrasound, positron 

emission tomography (PET) and single photon emission computed tomography are frequently 

used for diagnosis (Prescott, 2013). For instance, MRI is employed to assess AD-derived brain 

structural alterations, as atrophy in temporal and parietal regions, which correlate with cognitive 

impairment (Frisoni et al., 2010). Otherwise, fluorodeoxyglucose-PET technology enables the 

tracking of low glucose metabolism, which has been associated with reduced synaptic activity, 

whereas amyloid-PET imaging facilitates the recognition of Aβ plaques in vivo (Falgàs et al., 2019). 

 

Blood biomarkers are highly advantageous indicators compared to imaging and CSF biomarkers, 

since they are less invasive and more cost and time-effective (Lista et al., 2013). Even though the 

search for appropriate blood AD biomarkers has been difficult, as many of the alterations 

encountered reflect systemic changes rather than brain alterations (Lewczuk et al., 2017), a 

correlation between plasma Aβ levels and brain Aβ load has been recently evidenced (Nakamura 

et al., 2018). In relation to tau pathology, the detection of t-tau or p-tau in neuron-derived blood 

exosomes seems to enhance accuracy for tau as a blood biomarker (Fiandaca et al., 2015). 

 

As CSF directly interacts with the brain and reflects its biochemical alterations, CSF AD biomarkers 

may offer a clearer perspective into the several features of AD pathogenesis (Dhiman et al., 2019). 

Three core CSF biomarkers for AD have been stablished: decreased Aβ42 and increased total-tau 

protein (t-tau) and phosphorylated-tau (p-tau) (Figure 15) (Blennow and Zetterberg, 2018). CSF 

Aβ42 inversely correlates with cerebral Aβ accumulation (Ashton et al., 2018), whereas p-tau 

indicates the levels of tau that is phosphorylated and t-tau provides information about the severity 

of AD neurodegeneration, even though is not a disease-specific marker (Sato et al., 2018). 
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Figure 15. Core CSF biomarkers for AD. Modified from Blennow and Zetterberg (2018). 

 

The combination of these three core CSF biomarkers markers is specific for identifying an 

individual with preclinical AD (Dubois, 2018). Consequently, according to CSF biomarker profile 

and neuropathological criteria, diverse phases of AD have been defined (Dubois, 2018; Hane et 

al., 2017): in preclinical AD, in spite of being cognitively normal, individuals already display altered 

CSF core AD biomarkers; then, in the prodromal stage of AD,  patients display a mild cognitive 

impairment (MCI) together with alterations in the CSF biomarker profile, which are also present 

in the AD-dementia phase, when cognitive functions are extremely affected.    

 

The severity of dementia can be measured using several approaches, as is the Clinical Dementia 

Rating (CDR) (Morris, 1997), which assesses the grade of dysfunction in patients according to 

exercises that test memory, orientation, problem solving and daily-life activities. With a CDR result 

of 0 individuals are considered cognitively normal while scores of 0.5, 1, 2 and 3 represent 

questionable, mild, moderate and severe dementia, respectively (Long and Holtzman, 2019). CDR 

is a highly effective and extensively used method, but it requires the collection of a great quantity 

of data from patients and informants. Thus, other easier-performing tests as the Mini-Mental 

State Examination (MMSE) are being used as an alternative indicator for dementia staging in AD. 

MMSE score equivalence with CDR is: 30 for cognitively normal, 26 – 29 for questionable, 21 – 25 

for mild, 11 – 20 for moderate and 0 – 10 for severe dementia  (Perneczky et al., 2006).  
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The major AD pathological hallmarks develop differently during the course of the disease (Figure 

16). Levels of the diverse biomarkers vary before (CDR = 0) and after the onset (CDR = 0.5) and 

progressive decline (CDR = 1 – 3) of cognition (Long and Holtzman, 2019). Initially, preclinical AD 

is well established by an early Aβ accumulation, which is evidenced by a decrease in CSF and 

plasma levels of Aβ42 and augmented signalling on amyloid-PET (Counts et al., 2017).  

 

Simultaneously, neuroinflammatory alterations (i.e. astrocyte and microglia activation) are 

revealed (Ahmad et al., 2019), which are later followed by the development of the tauopathy from 

medial cerebral regions to the neocortex, evidenced by an increase in CSF p-tau levels (Dhiman et 

al., 2019). Synaptic alterations and neuronal loss begin with the advance of the tau pathology and 

may be determined by image analysis of hippocampal and cortical structures (Scheff et al., 2006, 

2007). Of note, a correlation exists between the onset and development of cognitive decline with 

tau and hippocampal volume but not with the Aβ load (Long and Holtzman, 2019). 

Figure 16. Time course development of major AD pathological events. Extracted from Long and Holtzman (2019). 

 

In preclinical AD subjects are cognitively normal yet already display impaired core CSF biomarkers 

and such alterations are maintained during the whole course of the disease (i.e. from preclinical 

to prodromal and AD-dementia) (Dubois B. 2018). Hence, there is an urgent need for new CSF 

biomarkers that change during the course of the disease, in order to enhance diagnostic precision 

and to identify further abnormalities involved in AD pathogenesis (Blennow et al., 2010; 

Molinuevo et al., 2018; Vinters, 2015).  
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Accordingly, changes in CSF levels of several molecules related to the amyloid pathology have been 

investigated in the search for complementary AD biomarkers. For instance, CSF levels of the 

inhibitor of cysteine proteases Cystatin C (CysC), which is a secretory protein that has been 

reported to bind Aβ (Ghidoni et al., 2011), are significantly reduced in AD patients (Fagan and 

Perrin, 2012). CysC is also reduced in the CSF of patients with dementia with Lewy bodies (Maetzler 

et al., 2010), which makes the decrease in CSF CysC consistent across diseases coursing with 

amyloid pathology (Mathews and Levy, 2016). 

 

In addition to amyloid pathology and tauopathy, neuroinflammation and synapse loss are 

associated with AD and correlate with the cognitive decline (Condello et al., 2015; Selkoe, 2002). 

Thus, CSF biomarkers for these alterations may be valuable for monitoring disease prognosis and 

the grade of cognitive impairment (Duits et al., 2018). Glial activation has been associated with 

neuronal dysfunction and changes in synaptic plasticity in AD and, consequently, the identification 

of CSF biomarkers for glial activation has gained interest (Lashley et al., 2018). In fact, several 

studies have reported increased CSF levels of diverse astrocyte and microglia markers as YKL-40, 

TREM2 and CD14 (Guo et al., 2009; Heslegrave et al., 2016; Kester et al., 2015). However, as 

astrogliosis is a common feature in other neurodegenerative diseases, glial associated CSF 

biomarkers are generally not sensitive and specific enough to be suitable for direct use in clinical 

diagnosis (Brosseron et al., 2018). 

 

Regarding biomarkers for synaptic degeneration, neurogranin has been proposed as a CSF 

biomarker for synapse loss associated with AD, as its concentration is increased in AD patients 

(Hellwig et al., 2015). Similarly, other candidate markers for synapse dysfunction have been 

suggested, as SNAP25 and synaptotagmin 2 (Bereczki et al., 2018; Brinkmalm et al., 2014). 

Nevertheless, further studies are required to validate candidate biomarkers as many have been 

identified by means of high throughput techniques (Lashley et al., 2018). Given the severity of AD, 

the search for new biomarkers is especially needed, not only as a method of improving therapeutic 

strategies but also to better understand and track disease physiopathology and development in 

patients.  
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It is of particular interest to find accurate and specific markers that correlate with synapse loss 

and cognitive impairment. Although changes in the nonpeptidic secretory pathways have been 

evidenced in AD, the impact of the disease on peptide secretion has been poorly studied. Thus, 

considering synaptic dysfunction and synapse loss as key events in AD pathogenesis, an 

impairment of the peptidergic regulated secretion may be suggested in AD, as well. In fact, granins 

have been proposed as potential CSF biomarkers for neuronal disorders including AD 

(Bartolomucci et al., 2010). Additionally, previous investigations in our laboratory have 

demonstrated that SgIII and CPE are abnormally accumulated in both neurons and reactive 

astrocytes in the cerebral cortex of AD patients (Plá et al., 2013). 

 

Therefore, a major hypothesis in this study is that peptidergic transmission is altered in AD. 

Consequently, the main goal of this dissertation has been investigating alterations in the secretory 

markers of DCVs in the cerebral cortex and CSF of patients and animal models of AD.  

  



 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



51 
 

 

 

 

 

 

 

 

 

OBJECTIVES 

 



 



53 
 

OBJECTIVES 
The ultimate aim of this dissertation is to analyze alterations in the secretory markers of dense-core 

vesicles in the cerebral cortex and cerebrospinal fluid of patients and animal models of Alzheimer’s 

disease.  

 

It is the object of this study to fulfill the subsequent specific objectives: 

 

1. To study astrocyte peptidergic secretion dependence on intracellular Ca2+ under control and 

proinflammatory conditions. 

 

2. To examine alterations of DCV secretory markers in the brain and CSF of AD patients, as novel 

disease biomarkers. 

 

3. To investigate changes in the levels of secretory proteins in the cerebral cortex and CSF of the 

5xFAD mouse model for familial AD.  
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MATERIALS AND METHODS 

Animals. CD1 mice were acquired from the Laboratory Animal Service of the University of Barcelona 

to obtain astrocyte cultures, acute brain slices, brain histological sections and CSF. Neuroinflammation 

was induced in CD1 mice by intraperitoneal injection of lipopolysaccharide (LPS) (Sigma-Aldrich, 

Diesenhofen, Germany) at a dose of 5 mg LPS/kg of body weight. LPS was dissolved in saline to a 

concentration of 0.4 mg LPS/mL and injected mice were kept for 48h before the obtention of acute 

brain slices to perform secretion assays. Control mice (sham-injected) were injected with a volume of 

saline equally proportional to their weight. Additionally, 3, 6 and 12-month-old male 5xFAD transgenic 

mice (reference 006554, Jackson Laboratory) and their non-transgenic wild type (WT) littermates were 

used to obtain CSF, synaptosomes, brain tissue homogenates and histological sections. These specific 

ages were selected according to neuropathological staging of 5xFAD mice (Oakley et al., 2006). The 

5xFAD mouse colony was maintained under the supervision of Dr. Teresa Fernández (Universidad Rey 

Juan Carlos, Madrid). Identification of the genotype was done by polymerase chain reaction according 

to Jackson Laboratory conditions. Mice were specific-pathogen-free and were housed together up to 

five mice per cage with controlled environment (22–25°C, 50% humidity and a 12-hour light/dark 

cycles).  

Astrocyte primary cultures. Cerebral cortex from CD1 mice at the postnatal stage 2 were dissected 

and subjected to 0.25% trypsin and 0.01% DNase. Cells were seeded in flasks and grown in high-

glucose Dulbecco’s Modified Eagle’s Medium and F-12 (1:1) supplemented with 10% fetal bovine 

serum, 10 mM HEPES and penicillin/streptomycin at 37ºC and 5% CO2. At confluence (10-12 days), 

flasks were shaken overnight and cells were rinsed. Detached cells were sub-cultured on poly-D-lysine 

coated culture plates and coverslips. As previously described, our cultures were principally composed 

by astrocytes (around 92%) yet contained a minor percentage of microglia (around 5%), immature 

oligodendrocytes (around 3%) and were virtually devoid of neuronal cells (Paco et al., 2009). Astrocyte 

enriched glial cultures were maintained for 10-11 days in vitro. To acquire an enhanced activated 

phenotype, cultured astrocytes were treated with a cocktail of proinflammatory cytokines (TNFα, IFNβ 

and IL-1β) from PreproTech (Rocky Hill, NJ, USA) at a final concentration of 20ng/mL for 24h. Secretion 

experiments were performed right after.  

 



58 
 

Acute brain slices. Obtention of acute brain slices was performed as previously described (Aguado et 

al., 2002; Plá et al., 2017), with minor modifications. Briefly, adult CD1 male mice (sham and LPS-

injected) were decapitated and their brains were rapidly removed and immersed in cold artificial 

cerebrospinal fluid (ACSF) (120mM NaCl, 3mM KCl, 10mM D-glucose, 26mM NaHCO3, 2.25mM 

NaH2PO4 and 8mM MgSO4) bubbled with 95% O2 and 5% CO2, where they were cut into 300μm-

thickness horizontal slices with a vibratome (Pelco Vibratome Sectioning System™, Ted Pella, Redding, 

CA, USA). After a 2-3h stabilization in ACSF supplemented with 2mM CaCl2, each slice was placed 

separately in a 12-well plate with ACSF and secretion experiments were performed right after. Slices 

were always preserved in oxygenated ACSF. 

Secretion assays. Unstimulated secretion in astrocytes was studied in different times ranging from 

30min to 24h. To study Ca2+ dependence during secretion 7.5μM cycloheximide, 100μM 1,2-bis o-

aminophenoxy ethane-N,N,N′,N′-tetraacetic acid (BAPTA)-AM and 1μM thapsigargin were added to 

cultured astrocytes. Astrocyte regulated secretion was assessed 10min after the addition of 1μM 

ionomycin to the culture media. Secretion experiments in acute brain slices were performed in 55mM 

KCl and 68mM NaCl ACSF. Secretory proteins in the media were precipitated with trichloroacetic acid 

and were analyzed by western blot. 

Live calcium imaging. Intracellular Ca+2 levels in astrocyte cultures were visualized with the membrane-

permeant acetoxymethyl ester of fluo-3 AM dissolved in 1:1 w/v dimethyl sulfoxide with 0.001% 

pluronic acid. Cells were incubated with a 2µM solution of fluo-3 AM in Dulbecco’s modified eagle 

medium for 30min and then washed. Recordings of Ca+2 changes were imaged in a ZEISS LSM 880 

confocal laser scanning microscope (Carl Zeiss Microscopy GmbH, Jena, Germany) with a 60x water-

immersion objective at 37ºC and 5% CO2. Fluo-3 fluorescence images were collected at 3s intervals (4 

frames were averaged for each time point) at a single excitation wavelength (514nm) during periods 

of 10 to 30min.  

Mouse hippocampal and cortical homogenates. Dissected cerebral cortices and hippocampi of 3, 6 

and 12-month-old WT and 5xFAD mice (n=6/group) were sonicated 2 times during 30s using an 

ultrasonic probe in pH 7.4 ice-cold lysis buffer containing 50mM Tris–HCl, 150mM NaCl, 5mM MgCl2, 

1mM EGTA and protease inhibitor cocktail (Roche Diagnostics, Indianapolis, IN, USA). Protein 

concentrations were determined using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, 

Waltham, MA, USA) and samples were analyzed by western blot. 
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Synaptosome preparation from mouse brains. Synaptosomal fractions were obtained from 3, 6 and 

12-month-old WT and 5xFAD mouse brains (n=3-6/group) as previously described (Carmona et al., 

2003), with minor modifications. Cerebral cortex and hippocampus were homogenized separately in 

1ml of ice-cold 0.32M sucrose buffer with a Teflon/glass homogenizer. Homogenization was 

performed with 10 strokes at 600rpm. Homogenates were centrifuged at 3000xg and 4ºC for 2min 

and supernatants followed a centrifugation at 14000xg and 4ºC for 12min. Pellets were resuspended 

in ice-cold 0.32M sucrose buffer and transferred to ultracentrifuge tubes containing a discontinuous 

Ficoll gradient of 5%, 9% and 12% (vol/ vol) and centrifuged at 22500rpm and 4ºC for 35min in a 

Beckman Coulter Optima L-90K ultracentrifuge (Beckman Coulter Inc, Brea, CA, USA). After 

centrifugation, interfaces containing synaptosomes (9% Ficoll fractions) were obtained, resuspended 

in phosphate-buffered saline (PBS) and centrifuged at 14000xg and 4ºC for 12min. Subsequent pellets 

were resuspended in PBS with 1% Triton X-100 and 1% protease inhibitor cocktail. Protein 

concentrations were determined using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific, 

Waltham, MA, USA) and samples were analyzed by western blot. 

Synaptosome preparation for transmission electron microscopy (TEM). Synaptosomes were 

resuspended in 55L of cold 0.1M PBS, aliquoted (50g) and centrifuged 2min at 14000xg. The pellet 

was fixed adding 500L of a solution with 2.5% glutaraldehyde and 2% paraformaldehyde. Fixation 

was done at 14,000xg and 10ºC for 50min. The pellet was washed with cold PBS at 14000xg and 10ºC 

for 5min, repeating this step 3 times. The fixed pellet was dehydrated using acetone and infiltrated 

with eponate-12 resin without catalyst using mixes of 1:3,1:1 and 3:1 of eponate: acetone. Ultrathin 

slices were visualized with a JEOL J1010 80kV transmission electron microscope (JEOL Ltd, Tokyo, JA).  

Release experiments from live synaptosome preparations. Obtained synaptosomes were resuspended 

in 100L of cold pH 7.4 Krebs-HEPES medium containing 147mM NaCl, 3mM KCl, 10mM D-glucose, 

1.5mM CaCl2, 1.5mM MgSO4 and 20mM HEPES. Then, 400L of Krebs-HEPES buffer at 37ºC were 

added and samples were shaken during 5min at 300rpm. Afterwards, 100L of 37ºC Krebs-HEPES 

buffer with the presence or absence of stimuli were added, depending on experiment conditions. 

Stimuli consisted in Krebs-HEPES medium supplemented with 330mM KCl. Then, samples were shaken 

at 300rpm for 5min to allow secretion. To finish the release experiment, samples were centrifuged 

1min at 4ºC and 14000xg and supernatants were separated into new tubes, while pellets were 

resuspended in 25L of lysis solution. To analyze secreted proteins by western blot, proteins in the 

supernatants were precipitated using trichloroacetic acid. 
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Murine CSF isolation. CSF was extracted from the cisterna magna compartment of CD1 mice (for 

preliminary analyses) and from 3, 6 and 12-month-old WT and 5xFAD mice (n=8-13/group) as 

previously described (DeMattos et al., 2002), with slight modification. Mice were anesthetized with 

ketamine/xylazine (100mg/kg:10mg/kg) and immobilized in a stereotaxic frame under a dissecting 

microscope. An incision was preformed from the skull to the thorax and skin and musculature were 

removed until meninges covering the cisterna magna were visible. Tissue above the cisterna magna 

was removed and the adjacent area was cleaned of any blood residue using a cotton swab. A 

borosilicate narrow capillary was used to puncture the arachnoid membrane covering the cistern. CSF 

instantly flowed out into the capillary because of pressure differences. CSF resulting volumes (3-12μL) 

were then transferred into Eppendorf tubes and visually inspected for possible blood contamination. 

Only visible clear CSF samples were considered for analysis. In addition, clear samples were 

immediately centrifuged 1.5min at 16000xg and 4ºC to remove any possible blood or cellular residue.  

Human brain tissues and CSF samples. 7 non-AD and 7 AD (Braak V-VI) post-mortem human brain 

samples were provided by Dr. Isidre Ferrer from the Institute of Neuropathology Brain Bank IDIBELL at 

Hospital Universitari de Bellvitge (Bellvitge, Spain). Biopsied CSF samples were provided by Dr. Albert 

Lleó from the Hospital de la Santa Creu i Sant Pau (Barcelona, Spain) and were collected by lumbar 

puncture from living diseased AD patients (n=33) and from living healthy controls (n=33). This study 

was approved by the local ethic committee and it was carried out in accordance with the Declaration 

of Helsinki. All patients (or their nearest relatives) and controls gave informed consent to participate 

in the study. Extensive clinical, neuropsychological, magnetic resonance imaging and molecular 

examinations were performed in all subjects. Centrifugation at 4°C for 10min at 2000×g and storage 

of 500μL aliquots in polypropylene tubes at −80 °C were accomplished within 1h after collection. All 

AD patients fulfilled clinical criteria for probable AD according to the revised NIA-AA criteria (McKhann 

et al., 2011) and had a CSF biomarker profile consisting of decreased Aβ42 levels together with high t-

tau and p-tau levels measured by immunoassays (Innogenetics, Ghent, Belgium), indicating high 

likelihood of being due to AD. The cut-off values used to define the study AD cohort were 550pg/mL 

for Aβ42, 350pg/mL for t-tau, and 70pg/mL for p-tau. The control group was defined according to the 

following criteria: objective cognitive performance within the normal range (performance within 

1.5SD) in all tests from a specific test battery, clinical dementia rating scale score of 0, no significant 

psychiatric symptoms or previous neurological disease, and a non-pathological CSF biomarker profile. 

AD and control groups were well matched for age at the time of CSF collection.  
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Immunohistochemistry and immunocytochemistry. Right after CSF extraction, animals were 

transcardially perfused with a 4% paraformaldehyde solution and brains were removed from skull, 

post-fixed for 4h and cryoprotected in a 30% sucrose solution. Afterwards, brains were frozen and 

histological sections of 40μm were obtained using a Leica CM 3050 S cryostat (Leica Biosystems, 

Wetzlar, Germany). Brain sections were incubated in blocking solution 1h at RT. Incubation with 

primary antibodies was carried out overnight at 4°C. Cells were fixed in 4% paraformaldehyde in PBS 

0.1M, washed in PBS and then pre-incubated for 1h in blocking solution. Incubation with primary 

antibodies was done overnight at 4ºC. Tissues and cells were incubated 1h at RT with fluorochrome-

conjugated secondary antibodies (Alexa Fluor Secondary Antibodies, Thermo Fisher Scientific, 

Waltham, MA, USA). Preparations were visualized in a ZEISS LSM 880 Confocal Laser Scanning 

Microscope (Carl Zeiss Microscopy GmbH, Jena, Germany).  

SDS-PAGE and western blotting. Cell media, lysates and media from release experiments in acute brain 

slices, as well as synaptosomes, synaptosomal release and CSF samples from WT and 5xFAD animals 

and human CSF, were electrophoresed in SDS-PAGE gels. Analyses of brain homogenates from both 

human and animal samples were performed in Criterion™ TGX (Tris-Glycine extended) Stain-Free™ 

precast gels from Bio-Rad Laboratories, which include trihalo compounds that allow rapid fluorescent 

detection of proteins with the Gel Doc™ EZ imaging systems (Bio-Rad Laboratories, Hercules, CA, USA). 

Proteins were transferred to polyvinylidene difluoride immobilization membranes, stained with 

Ponceau-S staining or visualized in the Gel Doc™ EZ imaging systems, blocked for 1h, incubated with 

primary antibodies overnight at 4ºC and 1h with horseradish peroxidase-conjugated secondary 

antibodies from Dako (Agilent Technologies Inc, Santa Clara, CA, USA). Bound antibodies were 

visualized with Clarity Western ECL Substrate (Bio-Rad Laboratories, Hercules, CA, USA). Blot images 

were captured with a scanner and densitometric values were obtained using ImageJ® software. 

Primary antibodies. Antibodies used in the different experiments are listed in the table below. 

 

 

Antibody Company/Source Reference 

β-actin Sigma-Aldrich (Diesenhofen, Germany) A3854 

Aβ DAKO Agilent Technologies (Santa Clara, CA, USA) M0872 

APP Abcam (Cambridge, UK) ab2072 

AT8 Innogenetics (Gent, Belgium) 90206 

CgA Abcam (Cambridge, UK) ab15160 
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Table 2. List of used primary antibodies.  

Statistical analysis. Quantitative data were statistically analyzed using GraphPad Prism 6.01® software 

(GraphPad Software, CA, USA). Non-parametric analysis of data was performed using a Kruskal-Wallis 

test followed by Dunn's multiple comparisons test. For two-group categorical variables non-

parametric analysis was performed using a two-tailed Mann-Whitney test. All data are presented as 

the standard error mean (SEM). Significance was set at p < 0.05. Correlations of measured values were 

examined using the Spearman correlation coefficient. A significance cutoff of p ≤ 0.0019 based on 

Bonferroni correction was applied.   

Antibody Company/Source Reference 

CgB Santa Cruz Biotechnology (Heidelberg, Germany) sc-1489 

CHMP2B R&D Systems (Minneapolis, MN, USA) MAB7509 

CK1δ R&D Systems (Minneapolis, MN, USA) AF4568 

CPE BD Transduction Laboratories (San Jose, CA, USA) 610758 

CPE GeneTex (Irvine, CA, USA) GTX11044 

CPE R&D Systems (Minneapolis, MN, USA) AF3587 

CysC EMD Millipore (Burlington, MA, USA) ABC20 

GAPDH EMD Millipore (Burlington, MA, USA) MAB374 

GFAP EMD Millipore (Burlington, MA, USA) MAB360 

Iba1 GeneTex (Irvine, CA, USA) GTX100042 

IgM (human) Jackson Immuno Research (Cambridgeshire, UK) 709-035-073 

IgM (mouse) Jackson Immuno Research (Cambridgeshire, UK) 715-035-140 

LAMP1 
Developmental Studies Hybridoma Bank  

(University of Iowa, Iowa, USA) 
H4A3-c 

LCN2 R&D Systems (Minneapolis, MN, USA) AF1857 

NFL Cell Signalling Technology (Leiden, The Netherlands) 2835S 

PC1 Abcam (Cambridge, UK) ab3532 

PC1 Thermo Fisher Scientific (Waltham, MA, USA) PA1-057 

PC1 Cell Signalling Technology (Leiden, The Netherlands) 11914S 

PC2 Dr. Iris Lindberg (Maryland, BA, USA) 18BF 

PC2 GeneTex (Irvine, CA, USA) GTX23533 

PC2 R&D Systems (Minneapolis, MN, USA) AF6018 

PSD-95 Thermo Fisher Scientific (Waltham, MA, USA) MA1-046 

SgIII Sigma-Aldrich (Diesenhofen, Germany) HPA006880 

Syp DAKO Agilent Technologies (Santa Clara, CA, USA) M 0776 
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RESULTS 

 

1. Intracellular Ca2+-dependence of astrocyte peptidergic secretion 

 

In the regulated secretory pathway, proteins and peptides are secreted to the extracellular 

space in response to certain stimuli (i.e. increases in intracellular Ca2+). Even though this route has 

been very well characterized in neurons and endocrine cells, its presence and role in astroglia is 

controversial, considering astrocyte non-excitable nature. Besides, while SV release have been 

extensively studied in astroglial cells, DCV secretion from astrocytes has been scarcely investigated.  

 

In previous research from our laboratory, astrocytes were determined to specifically synthesize CPE 

and SgIII, two DCV secretory markers that belong to the regulated secretory pathway (Plá et al., 

2017). In detail, DCV-contained proteins, mainly SgIII and CPE, were expressed in astrocytes in a 

lesser extent than in neurons and displayed variable release in response to increases in intracellular 

Ca2+ (Paco et al., 2010; Plá et al., 2017).  

 

The current section of the present dissertation aims to further comprehend astrocyte peptidergic 

secretion and its Ca2+-dependence, both under release-stimulation and non-stimulation conditions. 

Thus, secretion experiments in situ and in vitro were performed to analyze the release of 

endogenous astrocyte secretory proteins as DCV-markers (i.e. CPE and SgIII) and other astrocyte-

released proteins as is the extracellular inhibitor of lysosomal cysteine proteases Cystatin C (CysC).  

 

Understanding the mechanisms of fundamental astrocytic processes as peptidergic secretion is 

crucial, since alterations in Ca2+ signalling and gliotransmitter release have been described in 

neurodegenerative diseases as AD (Mattson and Chan, 2003; Moreth et al., 2013; Verkhratsky, 

2019). Moreover, reactive astrogliosis has been associated to AD synaptic dysfunction (Brosseron 

et al., 2018; Van Eldik et al., 2016). Hence, we investigated the expression and release mechanisms 

of astrocyte secretory proteins in two models likely promoting reactive astrogliosis, both in situ (in 

an LPS-induced neuroinflammation mouse model) and in vitro (in cultured astrocytes treated with 

proinflammatory cytokines). 
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Release of astrocyte secretory proteins in LPS-induced neuroinflammation in situ  

As formerly described, CPE and SgIII were detected in pyramidal neurons and astroglial cell 

bodies and processes in mouse cortical brain regions (Plá et al., 2013). Additional 

immunohistochemistry analyses revealed high expression levels of the protein convertases PC1 and 

PC2 in neurons of mouse cortical and hippocampal brain sections. However, expression of these 

protein convertases in astrocytes was not evidenced (data not shown). As seen in Figure 17A, PC2 

was found mainly in pyramidal neurons and interneurons of the hippocampal CA1 region, whereas 

SgIII and CysC were also detected in astroglial-like cells. Astrocyte identity was corroborated with 

double immunolabeling with GFAP (data not shown).  

 

To obtain a reactive astrocytic phenotype, an experimental mouse model of neuroinflammation 

was induced by intraperitoneal injection of lipopolysaccharide (LPS) derived from gram negative 

bacteria, as performed in similar studies (Aslankoc et al., 2018; Erickson and Banks, 2011; 

Gasparotto et al., 2017). Toll-like receptors (TLRs), a group of germline-encoded receptors from the 

innate immune system, mediate the effects of LPS (Takeda and Akira, 2004; Triantafilou and 

Triantafilou, 2002). In particular, LPS specifically binds to TLR4, whose expression is clear in 

microglia and remains under debate in astrocytes. Hence, astrocyte activation in the LPS-induced 

neuroinflammation model would be indirectly mediated by microglial signaling (Chakravarty and 

Herkenham, 2005; Lehnardt et al., 2003).  

 

Glial reactivity in mouse brains after LPS injection was confirmed with peroxidase 

immunohistochemistry analyses of GFAP and ionized calcium binding adapter molecule 1 (Iba1), 

which are typically overexpressed in reactive astrocytes and microglia, respectively (Haim et al., 

2015; Imai and Kohsaka, 2002; Suter et al., 2007). In LPS-injected mouse brains, GFAP 

immunoreactivity was markedly increased in astroglial cells after 48h, compared to sham-injected 

mice (Figure 17B). Similar results were obtained for Iba1 immunolabeling (data not shown).  

 

To further validate the neuroinflammation model, expression of the secretory protein Lipocalin 2 

(LCN2), an iron siderophore binding protein, was assessed in both control and LPS-injected mouse 

brains. LCN2 has been described as a marker of reactive astrocytic response in several studies 

performed in different brain injury models, including neuroinflammation (Jang et al., 2013; Jin et 

al., 2014; Lee et al., 2009; Naudé et al., 2012).  
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LCN2 was broadly overexpressed in glial-like cells of the cerebral cortex, behaving as an 

inflammatory acute phase protein. Double immunofluorescence labeling with GFAP identified 

astrocytes as the main cell type expressing LCN2 after 48h of LPS injection (Figure 17B). Constitutive 

LCN2 expression was observed in the choroid plexus, whereas acute expression of LCN2 was 

evidenced in endothelial cells and in the neuropil as a diffuse staining likely attributed to astrocytic 

branches (data not shown). LCN2 expression was negligible in microglia and neurons (not shown).  

 

Besides, being determined as an endogenous astrocyte-specific secretory protein, LCN2 could be a 

useful tool for assessing the peptidergic regulated secretion in astrocytes in situ. Secretion 

experiments were then carried out in acute mouse brain slices 48h after LPS and saline (sham) 

injection, using KCl as a secretagogue, which induced intracellular Ca2+ increase in neurons and, 

indirectly, in astrocytes. As epithelial cells of the choroid plexus also displayed LCN2, this brain 

structure was removed from slices before secretion assays, in order to avoid interferences.  

 

KCl-evoked release of CPE, LCN2 and CysC in the same acute brain slices from 48h control (sham) 

and LPS-treated mice was analyzed by western blot (Figure 17C). Control slices displayed a 

stimulated release of the DCV-protein CPE (p = 0.004) of around 600% compared to basal secretion 

(100%), which similarly occurred in LPS slices (665% evoked release, p < 0.001). CysC stimulated 

release did not show relevant variations compared to basal secretion, both in control and LPS slices 

(p = 0.14 and p = 0.57, respectively). Not surprisingly, LCN2 was not detected in the secretion media 

from control slices, as its expression in control tissue was extremely low. In 48h LPS-treated slices, 

however, LCN2 displayed KCl-evoked secretion (155%, p = 0.03), even though its stimulation degree 

was markedly lower than it was for CPE. 

 

Because CPE and CysC were expressed in both astrocytes and neurons, their presence in the media 

from acute brain slices could have these two possible cellular origins. Besides, their differential 

responses to KCl-evoked release indicated the presence of a heterogeneity of peptidergic vesicles 

in both neurons and astrocytes. Additionally, our results suggested the existence of an astrocytic 

regulated secretion of LCN2 from acute brain slices in situ, in a mouse model of LPS-induced 

neuroinflammation. However, further experiments in vitro were required to specifically study 

astrocyte regulated secretion in a context devoid of neuronal cells, both in untreated and 

proinflammatory-treated astrocytes. 
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Figure 17. Astrocyte secretory proteins in LPS-induced neuroinflammation in situ. A. In peroxidase 
immunohistochemical analyses of mouse control hippocampal (HP) CA1 region PC2 is found mainly in pyramidal 
neurons (arrows) and interneurons (open-arrows), whereas SgIII and CysC are evidenced also in astroglial-like cells 
(arrow-heads). B. In LPS-injected mouse brains, GFAP and LCN2 are overexpressed in astroglial-like cells (black arrow-
heads) after 48h. Astrocyte identity of LCN2+ (arrows; green) cells is confirmed in double immunolabeling with GFAP 
(empty-arrows; red). Arrow-heads show colocalization in yellow. C. Representative western blots (left) and 
summarizing graphs (right) of KCl-evoked release of CPE, LCN2 and CysC in the same acute brain slices from control 
(sham) and 48h LPS-treated mice. CPE secretion is evoked by KCl, both in control and LPS slices, whereas CysC 
stimulated release is maintained compared to basal secretion. LCN2 is not detected (n.d.) in the media from control 
slices. In the media from 48h LPS-treated slices, however, LCN2 is significantly increased in KCl-evoked release, even 
though its stimulation degree is markedly lower than for CPE. Data are presented as the mean ± SEM. Statistically 
significant difference is calculated using a two-tailed Mann-Whitney test. * indicates p-value < 0.05, ** indicate p-value 
< 0.01 and *** indicate p-value < 0.001. Scale bars in μm: A, 20; B, left, 15; right, 10. 
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Heterogeneity of exocytic peptidergic vesicles in astrocytes in vitro 

To further investigate expression and release mechanisms of astrocyte secretory proteins 

in vitro, astroglial primary cultures were obtained from early postnatal mice. Besides, to acquire an 

enhanced astrocyte-activated phenotype, cultured astrocytes were treated with a cocktail of 

proinflammatory cytokines (i.e. TNFα, IFNβ and IL-1β) at a final concentration of 20ng/mL for 24h, 

as similarly performed in other studies (Von Boyen et al., 2004).  

 

Immunocytochemical analyses revealed that astrocyte secretory proteins such as CPE, SgIII, LCN2 

and CysC were distributed heterogeneously in diverse vesicle subtypes. Confocal 

immunofluorescence images displayed a poor colocalization of the DCV-contained peptides CPE 

and SgIII, thus evidencing the existence of differential DCV populations (Plá et al., 2017). Similarly, 

CysC displayed a markedly low colocalization degree with both CPE and SgIII (data not shown). Of 

note, double labeling of LCN2 and CysC revealed a colocalization of around 30% (Figures 18C and 

18D), while LCN2 did not colocalize neither with CPE nor with SgIII (data not shown), indicating that 

they were located in different subcellular compartments.  

 

To further characterize the different vesicle subpopulations, double immunofluorescence analyses 

were performed between secretory proteins and the lysosome-associated membrane protein 1 

(LAMP1) (Figures 18A and 18B). Not SgIII neither CPE (not shown) colocalized with LAMP1, which 

was expected given the DCV nature of SgIII and CPE-containing vesicles. Otherwise, both LCN2 and 

CysC (not shown) -containing vesicles were positively stained for LAMP1, both showing a 28% of 

colocalization with the lysosomal marker, respectively (Figure 18D). These results were consistent 

with previous studies evidencing CysC in endosomal/lysosomal compartments (Deng et al., 2001; 

Lee et al., 2006).  

  

Ca2+-mediated release of secretory proteins is enhanced in proinflammatory-treated astrocytes  

In previous research, DCV-contained proteins (i.e. CPE, SgIII, PC1, PC2) were typically 

secreted in cultured neurons in response to a depolarizing stimulus as KCl (Plá et al., 2017). Besides, 

CPE and SgIII were released in unstimulated conditions in astrocytic cells in vitro (Paco et al., 2010). 

However, in KCl-evoked conditions there was no significant increase in the release of SgIII and CPE 

in astrocytes, according to their non-excitable nature compared to neurons, and ionomycin-

mediated stimulation enhanced the release of CPE but not of SgIII (Plá et al., 2017). 
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Figure 18. Heterogeneity of exocytic peptidergic vesicles in astrocytes in vitro. Double labeling of LCN2 (red; empty-
arrows) and CysC (green; arrows) reveals a 32% of colocalization (yellow; arrow-heads) in cultured astrocytes. 
Colocalization of both LCN2 (28%; red) and CysC (28%; not shown) -containing vesicles with LAMP1 (green) are shown, 
differently from SgIII whose colocalization with LAMP1 is virtually null (0.86%; red). Scale bars in μm: A left, 13; A right, 
4; B left, 17, B right 4; C left, 17; C right, 4. Data are presented as the mean ± SEM. Statistically significant difference is 
calculated using a Kruskal-Wallis test followed by Dunn's multiple comparisons test (D). ** indicate p-value < 0.01 and 
*** indicate p-value < 0.001. 

 

To further study the release mechanisms of astrocyte peptidergic vesicles, additional secretion 

experiments were carried out in untreated and proinflammatory-treated astrocyte primary 

cultures, devoid of neuronal cells. After the addition of 1μM ionomycin for 10min, extracellular 

media were collected and concentrated and secretory proteins were evaluated by immunoblotting.  
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In untreated astrocytes (Figure 19A), release of CPE was significantly increased in response to 

ionomycin stimulation (210%, p = 0.03), whereas evoked release for LCN2 and CysC did not reach 

statistical significance (133%, p = 0.63 and 131%, p = 0.71, respectively). All proteins exhibited a 

substantially high basal release and their intracellular levels were invariable. In some cases, there 

was a low but consistent expression of LCN2 in control astrocytes, which presumably varied 

according to the intrinsic activation-state of astrocytes in vitro. Consequently, due to such low 

expression rates, LCN2 was not detected in the media from 10min basal release neither in the 

liberated content after 10min ionomycin stimulation in untreated astrocytes (data not shown).  

 

Otherwise, after 24h of proinflammatory treatment, LCN2 was highly overexpressed compared to 

untreated cultured astrocytes. Under proinflammatory conditions, release of all analyzed secretory 

proteins was significantly increased following Ca2+-mediated stimulation caused by ionomycin. CPE 

stimulated release was similar (259%, p = 0.0035) to the observed in untreated astrocytes. 

However, unlike in untreated astrocytes, LCN2 and CysC displayed an evoked release under 

proinflammatory treatment (200%, p = 0.0028 and 260%, p = 0.0076, respectively). Of note, LCN2 

displayed high rates of basal release and was apparently less affected by extracellular Ca2+ entry in 

comparison to DCV-contained proteins as CPE (Figure 19B). 

 

In conclusion, only CPE but no CysC was released in a stimulated manner in untreated cultured 

astrocytes. As LCN2 expression in astrocytes in vitro was very low and variable from culture to 

culture, it was under detection limits in the release media. Interestingly, in proinflammatory-

treated astrocytes, all analyzed DCV (CPE) and lysosomal (LCN2 and CysC) -related proteins were 

released in response to intracellular Ca2+ increases caused by the ionophore ionomycin. However, 

release of LCN2 was apparently less influenced by extracellular Ca2+ entry than the secretion of DCV 

subpopulations containing CPE. Finally, in both control and activated astrocytes, relatively high 

rates of secretory protein basal (unstimulated) release were evidenced. 
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Figure 19. Ca2+-mediated stimulation of peptidergic secretion is enhanced in proinflammatory-treated astrocytes. A. 
Representative immunoblots (left) and summarizing graphs (right) of media (M) and cellular lysates (L) from astrocytes 
in vitro treated with or without 1μM ionomycin (IONO) for 10min. Release of CPE increases in response to ionomycin 
stimulation, whereas evoked release for LCN2 and CysC is moderated and exhibits a substantially high basal release. 
Intracellular levels of all proteins are invariable. B. In cultured astrocytes treated for 24h with a proinflammatory 
cocktail of cytokines (TNFα, IFNγ and IL-1β) LCN2 is highly overexpressed compared to controls. (continues in next page) 
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Under proinflammatory conditions, release of all CPE, LCN2 and CysC proteins is significantly increased following Ca2+-
mediated stimulation. Additionally, secretion rates of lysosomal-related proteins LCN2 and CysC are lower than for 
DCV-contained CPE, specially LCN2 subpopulations, which display higher basal release levels. β-actin is used as a loading 
control. Results are normalized by total protein content data obtained from Ponceau staining scans (not shown). Data 
are presented as the mean ± SEM. Statistically significant difference is calculated using a two-tailed Mann-Whitney test. 
* indicates p-value < 0.05 and ** indicate p-value < 0.01. 

 

Secretory proteins are barely retained and rapidly released in cultured astrocytes  

As aforementioned, release dynamics of soluble DCV components differed between 

astrocytes and neurons in vitro. In contrast with neurons, astrocytes displayed high rates of basal 

release and low stimulus-triggered secretion of the DCV markers CPE and secretogranin SgIII (Plá 

et al., 2017). Results from the present work have evidenced moderate Ca2+ evoked release of CPE, 

LCN2 and CysC in proinflammatory-treated astrocytes in vitro. Besides, high rates of basal 

(unstimulated) secretion of all proteins have also been determined. 

 

To better understand the mechanisms underlying unstimulated release in astrocytes in vitro, a 

cycloheximide (CHX) chase assay was performed. As a potent inhibitor of protein synthesis, CHX 

was used to study the retention and secretion kinetics of newly generated peptidergic transmitters. 

In untreated astrocytes (Figure 20A), an increase in extracellular and invariable intracellular levels 

of peptidergic transmitters over time (1.5, 3 and 6h) was evidenced. After the blockage of protein 

synthesis by CHX, intracellular levels of secretory peptides CPE and SgIII decreased gradually whilst 

its extracellular levels accumulated progressively (Plá et al., 2017). 

 

Similar results were obtained for CPE, SgIII, CysC and LCN2 in proinflammatory-treated astrocytes 

(Figures 20B1 and 20B2). Additionally, SgIII expression and release levels over time were apparently 

higher in astrocytes under proinflammatory conditions, in consistence with previous work 

demonstrating SgIII overexpression in reactive glia (Paco et al., 2010). Of note, LCN2 basal release 

was likely greater than for the other proteins. No statistical analysis was applied as results were 

obtained from a single experiment performed in triplicates. 

 

Overall, results indicated that secretory peptides were scarcely retained and immediately released 

in unstimulated astrocytes, both under control and proinflammatory conditions. Therefore, 

additional experiments were performed to further comprehend the mechanisms underlying 

astrocyte peptidergic unstimulated secretion.  
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Figure 20. Secretory peptides are scarcely retained and rapidly released in unstimulated astrocytes. In untreated 
astrocytes (A) an increase in extracellular (media, M) and invariable intracellular levels (cell lysates, L) of peptidergic 
transmitters over time (1.5, 3 and 6h) is determined. After cycloheximide (CHX) treatment, intracellular levels of CPE 
and SgIII decrease gradually whilst their extracellular levels accumulate progressively, as observed in representative 
immunoblots and in graphs. In astrocytes treated for 24h with a combination of TNFα, IFNγ and IL-1β similar results 
were obtained for CPE, SgIII, CysC and LCN2 (B1, representative western blots; B2, summarizing graphs). SgIII expression 
and release levels over time is increased in proinflammatory-treated astrocytes compared to untreated conditions. Of 
note, LCN2 basal release is markedly higher than for the other proteins. β-actin is used as a loading control. Results are 
normalized by total protein content data obtained from Ponceau staining scans (not shown). Data are presented as the 
mean ± SEM. No statistical analysis is applied as results are obtained from a single experiment performed in triplicates. 

 

Astrocyte unstimulated release of secretory proteins is independent of intrinsic Ca2+ oscillations  

As it has already been described elsewhere, Ca2+ release from the ER is an important cellular 

mechanism for the initiation of spontaneous Ca2+ oscillations in astrocytes (Nett et al., 2002). 

Consistently, we next investigated whether astrocytes in our cultures exhibited spontaneous Ca2+ 

events that could correlate with the elevated rates of unstimulated release.  
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Thus, cultured cells were loaded with the membrane-permeant acetoxymethyl ester of fluo-3 AM 

and Ca2+ transients were visualized with confocal laser-scanning microscopy, as performed in 

similar studies (Wang et al., 2006). Spontaneous Ca2+ oscillations were observed in astrocyte 

cultures (82% oscillating cells/field; 7 oscillations/100s) (Figure 21A), which were virtually 

prevented with the addition of 1µM thapsigargin (TG), a strong inhibitor of the SERCA-ATPase 

(Figure 21B).  

 

To study the possible relation between spontaneous Ca2+ oscillations and the secretion kinetics of 

newly synthesized secretory proteins, effects of TG in unstimulated release were analyzed after a 

pre-treatment with CHX, both in untreated (Figure 21C) and proinflammatory-treated (Figure 21D) 

astrocytes. Treatment with CHX was also necessary as TG has been determined to induce ER-stress 

by strong inhibition of protein synthesis (Gupta et al., 2010; Sen et al., 2019).  

 

After controlled blockage of protein synthesis by CHX, the addition of TG maintained invariable both 

extracellular and intracellular levels of secretory proteins CPE, SgIII and CysC compared to 

untreated cells, in both control and activated astrocytes. Released and intracellular LCN2 levels 

were also preserved in TG treated astrocytes under proinflammatory conditions. No statistically 

significant differences were observed in any case. These results suggested that peptidergic 

secretion of unstimulated astrocytes was independent of intrinsic Ca2+ oscillations, both in 

proinflammatory-treated and untreated cells.   

 

Astrocyte unstimulated release of secretory proteins depends on intracellular Ca2+ 

To further investigate the mechanisms of unstimulated peptidergic secretion in astrocytes, 

additional release assays were carried out chelating the intracellular Ca2+ with the cell-permeable 

Ca2+ chelator BAPTA-AM in the absence and presence of CHX.  

 

Release of peptidergic transmitters in the media of BAPTA-AM treated astrocytes decreased 

dramatically but their intracellular levels were also reduced (Figure 22B, left), probably as a 

consequence of BAPTA-AM interference in protein synthesis, which has been described to cause 

ER stress by a great blockage of protein translation (Flores-Morales et al., 2001). 
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Figure 21. Peptidergic secretion of unstimulated astrocytes is independent of Ca2+ oscillations. A. Ca2+ events in cultured 
astrocytes loaded with fluo-3 AM are visualized. Spontaneous Ca2+ oscillations are observed in astrocyte cultures (82% 
oscillating cells/field; 7 oscillations/100s). B. Glial oscillations are virtually prevented with the addition of 1µM 
thapsigargin (TG). Unstimulated release is analyzed in untreated (C) and 24h proinflammatory-treated astrocytes (D) 
after addition of CHX and TG. In the presence of CHX, addition of TG maintains invariable both extracellular (media, M) 
and intracellular (cell lysates, L) levels of CPE, SgIII and CysC compared to untreated cells, in both control and activated 
astrocytes. Extracellular and intracellular LCN2 is also maintained in TG treated astrocytes under activation conditions. 
β-actin is used as a loading control (not shown). Results are normalized by total protein content data obtained from 
Ponceau staining scans (not shown). Data are presented as the mean ± SEM. Statistically significant difference is 
calculated using a two-tailed Mann-Whitney test. No statistically significant differences were observed.  
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Figure 22. Peptidergic release of unstimulated astrocytes requires intracellular Ca2+. A. Representative western blots of 
astrocyte unstimulated release carried out chelating the intracellular Ca2+ with BAPTA-AM in the absence or presence 
of CHX. B. Without CHX, release of peptidergic transmitters in the media (M) of BAPTA-AM treated astrocytes decreases 
dramatically but intracellular levels (cell lysates, L) are also reduced, probably as a consequence of BAPTA-AM 
interference in protein synthesis. When protein synthesis is blocked by CHX, unstimulated release of peptidergic 
transmitters in the presence of BAPTA-AM is similarly decreased, while their intracellular levels are elevated, suggesting 
that in the absence of intracellular Ca2+ secretory peptides are highly accumulated inside the cell. β-actin is used as a 
loading control. Results are normalized by total protein content data obtained from Ponceau staining scans (not 
shown). Data are presented as the mean ± SEM. Statistically significant difference is calculated using a two-tailed Mann-
Whitney test. * indicates p-value < 0.05, ** indicate p-value < 0.01 and *** indicate p-value < 0.001. 

 

A 

B 
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To control protein synthesis inhibition, further assays were performed under the treatment of CHX. 

After CHX exposure, unstimulated release of peptidergic transmitters in the presence of BAPTA-AM 

was similarly decreased, while their intracellular levels were elevated (Figure 22B, right). 

Interestingly, the reduction in basal secretion of LCN2 (10%, p = 0.002) was apparently more 

notable than decreases in released CPE (65%, p = 0.03), SgIII (54%, p = 0.03) and CysC (62%, p = 

0.05). 

 

These results evidenced that in the absence of intracellular Ca2+ secretory peptides were highly 

accumulated inside the cell, indicating that intracellular Ca2+ was required for the rapid release of 

newly synthesized secretory proteins. Besides, unstimulated release of LCN2 was apparently more 

sensitive to intracellular Ca2+ concentrations than the other secretory proteins, which may explain 

LCN2 stimulated release being less influenced by extracellular Ca2+. 

 

In conclusion, a heterogeneity of peptidergic secretory vesicles was evidenced in astrocytes. CPE, 

SgIII, CysC and LCN2 were expressed and released in astrocytic cells in an unstimulated manner, 

independently of stimuli, which did not require intrinsic Ca2+ oscillations, but critically depended on 

intracellular Ca2+. Besides, extracellular Ca2+-mediated stimulated release of secretory proteins was 

enhanced in proinflammatory-treated astrocytes in vitro and in the LPS-induced 

neuroinflammation model in situ. Apparently, unstimulated release of lysosomal-related proteins 

as LCN2 and CysC displayed a higher Ca2+ sensitivity, which was in line with lesser responses to Ca2+-

mediated stimulation, compared to DCV-contained secretory proteins as CPE.  
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2. Dense-core vesicle markers decline in cerebrospinal fluid and accumulate in 

dystrophic neurites and granulovacuolar degeneration bodies in Alzheimer’s disease 

 

In previous studies performed by our research group, the DCV molecular components CPE 

and SgIII were analyzed in the cerebral cortex of AD patients. Great widespread accumulation of 

both proteins in dystrophic neurites surrounding Aβ plaques and SgIII overexpression in nearby 

reactive astrocytes were determined, thus evidencing an association between DCV cargos and Aβ-

driven neuronal deterioration (Plá et al., 2013).  

 

Consequently, the influence of soluble Aβ oligomers on DCV secretion in cortical neurons and 

astrocytes was further assessed in our laboratory. Aβ42 specifically impaired unstimulated and 

evoked release of CPE and SgIII in both primary cultures and adult brain slices (Plá et al., 2017). 

Importantly, these results demonstrated the existence of disturbances in peptide secretion 

triggered by Aβ, which raised the perspective of DCV cargos being altered in the CSF of AD patients. 

  

In fact, certain DCV proteins as CgA, SgIII and CPE have already been investigated elsewhere in the 

CSF of AD patients by proteomic techniques (Fagan and Perrin, 2012). However, proteomic-derived 

results are usually variable and require further validation. Besides, other secreted DCV proteins as 

PC1/3 and PC2 have been poorly investigated in the context of AD. Thus, this second section of the 

present dissertation focuses in the study of these DCV-contained secretory proteins in the brain 

and CSF of AD patients.  

 

Secretory proteins are abundantly detected in the human CSF and hippocampus 

To initiate the study of DCV changes in the brain and CSF of AD patients, previous analyses 

to ensure the detection of DCV proteins in human tissues were required. Western blotting assays 

performed in control hippocampus and CSF (Figure 23) revealed high amounts of the DCV markers 

PC1, PC2, CPE and SgIII in hippocampal homogenates. Of note, SgIII and the two protein convertases 

displayed both precursor (unprocessed) and mature forms. Additional electrophoretic mobility 

bands likely corresponded to aggregated and cleaved protein species detected by polyclonal 

antibodies in accordance with existing literature (Bartolomucci et al., 2011; Hoshino and Lindberg, 

2012). 
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A strong labeling for all DCV proteins (mature and precursor forms) was observed in the CSF, as 

well. Interestingly, and contrary to the hippocampal homogenates, precursors of DCV proteins were 

generally more abundant than their processed forms in the CSF. Even small CSF volumes as 1µL 

were enough to reveal the presence of some DCV markers (i.e. SgIII), which evidenced the relative 

abundance of these secreted components in the human CSF.   

 

As formerly described, only the monomeric form of the secretory protein CysC (around 14 kDa) was 

distinguished in the CSF, whilst oligomeric CysC species (around 28 and 35 kDa, respectively) were 

also detected hippocampal tissues (Bjarnadottir et al., 2001; Mi et al., 2009). When analyzing similar 

CSF volumes, levels of vesicular membrane proteins as Syp, cytosolic components as β-actin and 

the candidate CSF biomarker neurofilament light chain (NFL), were below detection threshold. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 23. Brain secretory proteins are abundantly detected in the human CSF. Western blotting analysis of the 
secretory proteins PC1, PC2, CPE, SgIII and CysC in human hippocampus (HP, 20µg) and CSF (5-10µL). In CSF, precursor 
forms (arrows) of granins and convertases are more abundant than their mature forms (arrow-heads). For PC1, 
another specific processed band of around 50kDa present in both HP and CSF is indicated with an open arrow. 
Additional bands in HP samples likely correspond to aggregates and cleaved forms. Brain tissues display monomeric 
(around 14kDa) and oligomeric/aggregated (around 28 and 35kDa, respectively) forms of CysC, while only monomers 
are detected in CSF. Membrane and cytosolic proteins such as Syp, β-actin and NFL are not detected in the CSF when 
performing analyses of the same samples at similar volumes.  
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DCV markers are aberrantly accumulated in dystrophic neurites and GVD bodies in the human 

AD cerebral cortex 

To evaluate changes in DCV proteins in the AD cerebral cortex, immunoblotting and 

immunohistochemical analyses were performed in AD brains (Braak stages V-VI) and age-matched 

controls (Braak stages I-II). Table 3 summarizes the number of control and AD tissues, the cerebral 

regions studied and other characteristics of the samples used for each type of investigation.  

 

Case 
Number of 

samples 
Mean Age 

(years) 
Gender 

Mean post-mortem 
time (hours) 

Cortical 
region 

Type of 
investigation 

Control 3 71.0 1M/2F 5.2 Parietal 
cortex Immunohisto-

chemistry 
AD 5 78.4 5F 5.7 

Control 5 69.6 3M/2F 9.3 
Hippocampus 

AD 4 75.8 2M/2F 5.9 

Control 7 73.7 4M/3F 6.0 Parietal 
cortex 

Western blot 
AD 7 80.1 2M/5F 6.3 

Control 7 73.3 7M 6.6 
Hippocampus 

AD 7 81.9 4M/3F 6.4 
 
Table 3. Control and AD cortical tissues analyzed in the present study. Number of control and AD tissues, cerebral 
regions, age, gender (female – F, male – M) and mean post-mortem time of the samples used for each type of 
investigation. 

 

First, the levels of the diverse molecular forms of secretory proteins were examined in AD and 

control parietal cortices and hippocampi (n = 7 for each condition and tissue) by western blot 

(Figure 24). Even though equal amounts of protein were charged into electrophoretic gels, results 

were normalized to membrane-transferred total protein. Levels of DCV proteins were preserved in 

both hippocampus and parietal cortex of AD cases, except for the precursor form of PC2 (pPC2) 

which increased in AD parietal cortex (p = 0.038) and hippocampus (p = 0.0006), compared to 

controls.  

 

Regarding CysC, reductions of 35% and 30% were evidenced in the 28kDa form in the AD cortex (p 

= 0.038) and hippocampus (p = 0.1). For the SV membrane protein Syp, great reductions were 

determined in both AD tissues (30%, p = 0.042 and 50, p = 0.017, respectively) in comparison with 

controls. These results demonstrate that levels of DCV proteins are generally maintained in AD 

cortices, whilst levels of SV proteins are drastically diminished.  
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Figure 24. Levels of secretory proteins in the AD cerebral cortex. Hippocampal (HP) and parietal cortical (PCx) samples 
of controls and AD patients (Braak stages V-VI) analyzed by western blot (20µg). A. Representative immunoblots of HP 
tissues for some secretory proteins and Ponceau staining scans used to establish content of total proteins. Precursor 
and mature forms of DCV proteins are indicated with arrows and arrow-heads, respectively. For CysC, monomeric (m, 
14kDa) and two oligomeric/aggregated (ᵒ and ᵒᵒ, 28kDa and 35kDa, respectively) forms are evidenced. B. Graphs 
summarize percent variation of secretory protein levels in the PCx and HP of AD patients compared to controls (n = 7 
for each tissue). An increase of the precursor form of PC2 (pPC2) is observed in the PCx and in the HP of AD patients. 
Levels of the 28kDa form of CysC are reduced in the PCx of AD patients compared to controls. A reduction of Syp is 
detected in both HP and PCx tissues of AD patients. Data are presented as the mean ±SEM. Statistically significant 
difference is calculated using a two-tailed Mann-Whitney test. * indicates p-value < 0.05 and *** indicate p-value < 
0.001.  
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To further investigate possible alterations of DCV markers in situ, peroxidase and fluorescence 

immunohistochemical analyses of parietal cortices and hippocampi of control (n = 8) and AD (n = 

9) subjects were performed. Secretory proteins PC1, PC2, CPE, SgIII and CysC were broadly 

distributed throughout the control cerebral cortex (Figure 25A), as evidenced in previous 

investigations (Deng et al., 2001; Plá et al., 2013; Winsky-Sommerer et al., 2003). 

 

Consistently with previous work from our laboratory, CPE was robustly detected filling dendrites, 

neuronal perikarya, some axons and slightly glial cells, whereas immunostaining for SgIII was mainly 

restricted to perinuclear secretory organelles, proximal dendrites and fibrous astroglial cells (Plá et 

al., 2013). Moreover, PC1 and PC2 immunoreactivity was found mainly in pyramidal neurons, whilst 

CysC immunolabeling was distinguished in both neurons and GFAP+ astrocytes. CysC was strongly 

associated with lysosomal structures immunoreactive for LAMP1, contrary to the other secretory 

proteins which, as classical DCV markers, were negative for LAMP1 immunostaining (data not 

shown).  

 

In AD cortices, minor changes were observed for DCV proteins in non-plaque regions, including a 

slight increase of CysC immunoreactivity in pyramidal neurons of outer and inner layers (data not 

shown). Nevertheless, dystrophic neurites surrounding senile plaques displayed accumulations of 

secretory proteins (Figure 25B). Double immunofluorescence analyses revealed the colocalization 

of PC2 and SgIII with dystrophic neurites (AT8+ immunostaining), respectively. CPE and SgIII also 

displayed a high colocalization degree in dystrophic neurites and were found surrounding senile 

plaques. Double labeling with GFAP indicated alterations in plaque-surrounding activated glia, 

where levels of SgIII and CysC were occasionally increased in reactive astrocytes (data not shown).  

 

Surprisingly, some DCV proteins were found to accumulate in large granules resembling 

granulovacuolar degenerating (GVD) bodies, a typical neuropathological hallmark of hippocampal 

CA1 pyramidal neurons in AD (Figure 26). In essence, PC2 and PC1 were strongly immunostained in 

GVD-shaped structures in each of the analyzed AD hippocampi (n = 4), whereas large granules 

positive for CPE were evidenced in only one of the four cases (Figure 26A). In average, 241 ± 4 

pyramidal neurons per square millimeter of the CA1 region in AD hippocampi displayed PC2 

anomalous granular accumulations, whilst only few neurons in only one of the five control cases 

exhibited similar alterations. 
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Figure 25. Distribution of secretory proteins in the control and AD cerebral cortex. A. Distribution of representative 
secretory proteins (PC1, SgIII and CysC) in the control hippocampus. Immunoreactivity is abundantly found in pyramidal 
neurons. Double immunolabeling for CysC (red; empty-arrows) and GFAP (green; arrows) confirms astroglial identity 
(yellow in the merged image; arrowheads). CPE (green; arrows) and CysC (red; empty-arrows) are located in different 
subcellular compartments in pyramidal neurons as shown by confocal fluorescent microscopy. CysC (red; empty-
arrows) partially colocalizes (yellow; arrowheads) with lysosomal compartments expressing LAMP1 (green). Scale bars 
in µm: 20; 10; 5; 5. B. PC1, PC2, CPE and SgIII are accumulated in dystrophic neurites surrounding senile plaques of AD 
patients. In peroxidase immunohistochemistry images arrows indicate plaque-associated dystrophic neurites. Double 
immunofluorescence images indicate that PC2 and SgIII (red; empty-arrows) colocalize with AT8+ dystrophic neurites 
(green), respectively. CPE (green) and SgIII (red) also display a high colocalization degree in dystrophic neurites (yellow; 
arrowheads) and are found surrounding Aβ+ senile plaques (green; arrows). Scale bar: 20 µm. 
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As depicted in Figure 26B, GVD identity of the aberrant granules was confirmed with double 

immunolabeling of PC2 and PC1 with the established GVD markers CK1δ (Casein kinase 1 isoform 

delta), CHMP2B (Charged multivesicular body protein 2B, not shown) and LAMP1. Interestingly, 

PC2-positive GVD lesions were found in both p-tau (AT8 immunostaining) positive or negative 

pyramidal neurons, thus indicating an association between GVD bodies and neurofibrillary tangle 

pathology (Figure 26C). Approximately the 80% of pyramidal neurons containing PC1 and PC2 GVD 

inclusions also displayed AT8 immunolabeling, being GVD bodies more frequently found in neurons 

at early stages of the tauopathy (Figure 26D).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 26. DCV proteins are accumulated in GVD bodies in CA1 pyramidal neurons of AD patients. A. Peroxidase 
immunohistochemical analyses reveal aberrant intraneuronal accumulations (arrows) of PC2, PC1 and CPE in pyramidal 
neurons of the hippocampal region CA1 of AD patients, which show the typical morphological pattern of GVD bodies. 
GVD identity of the inclusions is corroborated by the double immunolabeling of PC2 (red; empty-arrows) with CK1d 
(green; arrows) and LAMP1 (green; arrows), respectively. Arrow-heads indicate membrane colocalization whereas 
open-arrows show inside-granule colocalization (B). PC2-positive GVD lesions are found either in tangle (AT8; green) 
positive or negative pyramidal neurons. Arrows indicate the location of PC2+ GVD accumulations (C). In D, graphs show 
the percentage of cells displaying few (<10), many (≥10) or zero PC2 and PC1 positive GVD, depending on the presence 
of neurofibrillary tangles (+AT8, low labeling; ++AT8, strong labeling). Scale bars in μm: A, left, 20; right, 4; B, left, 5; 
right, 1; C, 7. 
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Altogether, these results evidenced that in AD cortices DCV markers aberrantly accumulated in 

association with two typical neuropathological features of AD: plaque-surrounding dystrophic 

neurites and aberrant hippocampal GVD inclusions.   

 

DCV secretory cargos decline in the CSF of AD patients, which is likely associated with 

neurodegenerative stages of the disease 

Subsequently, changes in the levels of DCV proteins were investigated in biopsied CSF 

samples from a very well characterized cohort of living AD patients (n = 33) and age-matched 

healthy controls (n = 33) by western blot (Table 4). For AD patients, the average score in the MMSE 

cognitive test was 21.58 ± 4.39 compared to scores ranging from 28 to 30 in control individuals. 

Additionally, according to selection criteria, CSF samples from subjects in the AD cohort displayed 

low levels of Aβ42 and high t-tau and p-tau in comparison with controls. 

 
Table 4. Demographics and CSF profiles of study individuals. According to selection criteria, AD patients display reduced 
levels of CSF Aβ42 and lower MMSE scores and levels of CSF t-tau and p-tau are significantly higher in AD patients in 
comparison with the control group. No significant differences are observed in age and CSF glucose levels between 
groups. Data are shown as means and standard deviations for age, MMSE, CSF Aβ42, tau, p-tau and total protein. 
Statistically significant difference is calculated using a two-tailed Mann-Whitney test. *** indicate p-value < 0.001. 

 

Equal CSF total protein levels between control and AD groups was corroborated performing a 

Bradford assay with all samples, as well as with Coomassie staining of electrophoretic gels (Figure 

27A). Figure 27B includes representative immunoblots for the different DCV markers, all analyzed 

in the same samples from AD and control cohorts. Importantly, the vast majority of DCV proteins 

displayed decreased levels in the CSF of AD patients in comparison with the control group. A global 

decrease of CPE, CysC and PC2 (both precursor – pPC2 and mature – mPC2 forms), and a reduction 

in the precursor forms of PC1 (pPC1) and SgIII (pSgIII) was detected in the CSF of AD patients 

compared to controls (Figure 27C).  

 
Age 

(years) 
Gender MMSE 

APOE 
allelic 

frequency 

CSF 
Aβ42 

(pg/mL) 

CSF  
t-tau 

(pg/mL) 

CSF  
p-tau 

(pg/mL) 

CSF 
glucose 

(mmol/L) 

Control 
(n=33) 

63.75 
(±7.18) 

13M/20F 
29.21 

(±0.96) 

ε2 = 0.05;       
ε3 = 0.83;    
ε4 = 0.12 

836.09 
(±154.7) 

221.97 
(±57.4) 

43.38 
(±10.4) 

3.46  
(±0.51) 

AD 
(n=33) 

66.94 
(±6.13) 

12M/21F 
21.58 

(±4.39) 
*** 

ε2 = 0.03;        
ε3 = 0.44;       
ε4 = 0.53 

353.27 
(±101.2) 

*** 

905.32 
(±457.9) 

*** 

99.33 
(±31.3) 

*** 

3.39  
(±0.51) 
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In particular, both pPC2 and mPC2 were statistically diminished in AD samples (16% reduction, p = 

0.024 and 12% reduction, p = 0.011, respectively) (Figure 27C), as well as in a pooled quantification 

of the two bands together (18% decrease, p = 0.0009) (data not shown). A statistically significant 

reduction of the 21% was also found for the DCV-contained carboxypeptidase CPE in the CSF of 

patient cohort (p = 0.016). An outstanding decrease of the 33% was observed for the secretory 

protein CysC in the CSF of AD patients (p = 0.0011) (Figure 27C). 

 

Additionally, a reduction of around the 40% for pPC1 (p = 0.0003) was determined in AD, whereas 

mature PC1 (mPC1) decrease did not reach significance (p = 0.075) (Figure 27C). However, when 

quantifying together the levels of mature and precursor forms of PC1 a significant 24% decrease 

was evidenced in AD patients (p = 0.03) (data not shown). Another PC1 cleaved form with lower 

electrophoretic mobility (around 50kDa), consistently detected by three polyclonal antibodies, was 

also quantified. Its levels were analyzed separately and together in a whole quantitation with pPC1 

and mPC1. Only in the case of the pooled analysis, a significant decrease in AD patients was 

observed in comparison with controls (21% reduction, p = 0.05, respectively) (data not shown). 

 

A decline of the 12% for pSgIII (p = 0.047), the most abundant form of SgIII in the human CSF, was 

evidenced in the AD group, whereas no significantly differences were detected for the mature 

protein (15% decrease, p = 0.18) (Figure 27C). A pooled analysis of the two forms demonstrated no 

significant differences between groups (p = 0.612) (data not shown). 

 

To further understand these obtained results, we questioned whether the observed differences 

could be influenced by the differential cognitive impairment degree among individuals from the AD 

cohort. In fact, even though the average MMSE score from the entire AD cohort was around 21, 

individual scores ranged between values as low as 7 and as high as 29 within this group, indicating 

a great variability in cognitive performance among subjects. Thus, CSF AD samples were re-

classified into two different categories, according to individual cognitive ability assessed with the 

MMSE test. In consistence with similar studies (Lista et al., 2017), from the 33 AD patients of the 

initial cohort, subjects scoring between 28 and 24 were classified into the MMSE ≥ 24 group (n = 

13) and individuals with scores of less than 24 were assigned to the MMSE < 24 cohort (n = 20).  
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Figure 27. CSF samples of AD patients display decreased levels of secretory proteins. A. Total protein content in control 
and AD CSF samples determined by Coomassie staining and Bradford assay. B. Representative immunoblots show levels 
of CPE, PC1, PC2, SgIII and CysC forms in the same CSF control and AD samples (6µL). Precursor and mature forms of 
DCV proteins are indicated with arrows and arrow-heads, respectively. For PC1, another specific processed band of 
around 50kDa present in the CSF is indicated with an open arrow. C. Scatter dot-plots represent percent variation of 
secretory proteins levels in the CSF of AD patients (n = 33) compared to controls (n = 33). Arrows indicate percentage 
reduction and p-values the statistic significances. Data are presented as the mean ± SEM of analysis performed in 
duplicate. Statistically significant difference is calculated using a two-tailed Mann-Whitney test. 
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As seen in Figure 28, levels of pPC1 were significantly reduced in both MMSE ≥ 24 and MMSE < 24 

groups compared to controls (p = 0.047 and p = 0.0001, respectively), which was also observed for 

CysC (p = 0.002 and p = 0.01). Interestingly, mPC1, pSgIII, pPC2 and mPC2 were maintained with a 

slight tendency to decline in the CSF of AD individuals with MMSE scores over 24, whilst were 

significantly decreased in the MMSE < 24 AD group (p-values for the latter group = 0.0023, 0.029, 

0.033 and <0.0001, respectively). For mSgIII, similar results were observed being their levels almost 

significantly declined in the CSF of AD subjects with MMSE scores under 24 (reduction of 24.5%, p 

= 0.054). Otherwise, CPE CSF levels were exclusively reduced in the group with the better test 

performance, being its levels not significantly reduced in the MMSE < 24 AD group.  

 
Figure 28. DCV proteins markedly decline in the CSF of AD patients with lower MMSE scores. Scatter dot-plots represent 
percent variation of secretory protein levels in the CSF of AD patients with MMSE scores over 24 (MMSE ≥ 24; n = 13) 
and AD patients with MMSE scores below 24 (MMSE < 24; n = 20) compared to controls (n = 33). Arrows indicate 
percentage reduction and p values the statistic significances. Data are presented as the mean ± SEM of analysis 
performed in duplicate. Statistically significant difference is calculated using a Kruskal-Wallis test followed by Dunn's 
multiple comparisons test. 

 

To investigate associations between levels of CSF secretory proteins and age, cognitive status 

(MMSE) and the core CSF AD biomarkers (Aβ42, p-tau and t-tau), a Spearman correlation analysis 

was carried out in the AD cohort (33 individuals) (Figure 29).  
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After adjusting significance to a p-value ≤ 0.0019 based on Bonferroni correction of multiple 

comparisons, no correlations were found between CSF secretory proteins and age nor Aβ42. In 

contrast, strong inverse correlations between the mature PC2 form and MMSE score (p = 0.0001, r 

= 0.6449) and mPC2 and t-tau (p = 0.0004, r = 0.5837) were evidenced. Additionally, positive 

correlations between levels of p-tau and CPE (p = 0.0013, r = 0.5377) and the pSgIII (P = 0.0019, r = 

0.5216) were determined, as well (Figure 29). 

 

Taken together, DCV proteins were abnormally accumulated in dystrophic neurites and in GVD 

inclusions in AD cases and were strongly altered in the CSF. Decrease in levels of DCV markers in 

the CSF of AD patients occurred in parallel with disease progression. Moreover, the revealed 

correlation between mPC2 and MMSE scores, together with the described correlations between 

some DCV proteins and t-tau and p-tau but not with AB42, suggested a plausible association 

between these alterations and later stages of the disease, when neurodegeneration and cognitive 

impairment are advanced. Hence, DCV markers may be proposed as candidate CSF biomarkers for 

AD-associated neurodegeneration and consequent cognitive damage. Nevertheless, other studies 

would be required to further validate the obtained results.  

Figure 29. Correlation analysis of CSF secretory proteins with age, MMSE score and the CSF core-AD biomarkers in AD 
subjects. Top, table summarizing Bonferroni-corrected Spearman correlations between secretory proteins and age, 
MMSE score, Aβ42, tau and p-tau. Significant correlations are highlighted in green (Bonferroni-corrected; p < 0.0019) 
and in yellow (non-corrected; p < 0.05). Bottom, Bonferroni-corrected significant correlations are represented in 
correlation graphs. 
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3. Dense-core vesicle proteins decay in the brain and cerebrospinal fluid of the 5xFAD 

mouse model of familial Alzheimer’s disease 

 

To further understand the alterations of DCV markers evidenced in human AD cortices and 

CSF, DCV proteins have been analyzed in the brain and CSF of the 5xFAD mouse model of familial 

AD (FAD) from early (3 months) to more advanced stages (12 months). Even though tau pathology 

is missing in the 5xFAD model, these transgenic mice co-express five FAD mutations, which cause 

rapid Aβ42 accumulation in the brain as soon as at the age of 2 months (Oakley et al., 2006). 

Besides, early cognitive alterations and neuronal loss in 5xFAD mice have been evidenced at around 

6 and 10 months, respectively (Esquerda-Canals et al., 2017; Spangenberg et al., 2016).  

 

Previous work from our laboratory described CPE and SgIII accumulations in dystrophic neurites of 

APP/PS1 transgenic mice, thus recapitulating alterations observed in AD human brains (Plá et al., 

2013). However, additional studies were needed to further decipher alterations of DCV secretory 

markers in the brain and CSF of other FAD-transgenic mice. Besides, and to our knowledge, no other 

studies have reported alterations of DCV-cargos in the CSF of transgenic mice, until the moment. 

 

DCV secretory markers decay in the hippocampus of 12-month 5xFAD mice 

Hippocampal homogenates from 3, 6 and 12-months male 5xFAD mice and their non-

transgenic WT littermates (n = 6 for each genotype and age) were analyzed by western blot (Figure 

30). Equal amounts of protein (20µg) were loaded into Criterion TGX Stain-Free™ gels and results 

were normalized by total protein content data obtained from GelDoc Blot scans. In graphs, levels 

of the different proteins were indicated as percent variation versus levels of WT mice at 3 months 

of age, which were presented as the 100% in all cases.  

 

Synapse markers, as the SV membrane-associated protein Syp, revealed hippocampal synapse loss 

at 12 months in transgenic animals, being its levels significantly decreased (68%, p = 0.004) 

compared to WT. Additionally, in 5xFAD mice at 6- and 12-months statistically significant increases 

in proteins associated with glial reactivity, as GFAP (196%, p = 0.002 and 252%,  p = 0.02, 

respectively) and Iba1 (172% and 211%, respectively; p = 0.002 for both ages), were determined 

compared to controls of the same age.  
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Figure 30. DCV secretory markers decline in the hippocampus of 12-month 5xFAD mice. A. Representative western blot 
analysis of hippocampal (HP) tissues (20µg) from WT and 5xFAD mice at 3, 6 and 12-month (M) of age (n = 6 for each 
genotype and age). PC1 and PC2 reveal only precursor (87 and 75kDa, respectively) forms. For CgA, two bands are 
detected, around 50kDa (arrow-head) and 37kDa (open-arrow). CgB displays a robust mature form around 80kDa 
(arrow-head) and two high-mobility additional bands around 100kDa (arrow and short-arrow, respectively). For both 
CgA and CgB all bands have been analyzed in a pooled quantification. B. Graphs summarize percent variation of 
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different protein levels in the HP of WT and 5xFAD mice versus levels of 3M WT (presented as 100%). Syp is significantly 
decreased in the HP of 12M 5xFAD mice compared to 12M WT. GFAP and Iba1 are meaningfully increased in 5xFAD 
mice at 6M and 12M compared to controls of the same age. GFAP is additionally augmented in an age-dependent 
manner (12M WT mice compared to 3M WT). Levels of CysC are found elevated in 5xFAD HP tissues compared to 
controls at all ages, including 3M. CysC is also age-dependently augmented in HP, comparing 3M with 12M WT mice. 
Except for CPE, levels of all DCV-contained proteins decline in the HP of 12M 5xFAD animals compared to 12M WT. 
Additionally, CPE, PC2 and CgA are increased in the HP of 6M (CPE and PC2) and 3M (CgA) 5xFAD mice in comparison 
with WT. Finally, levels of CPE, PC2 and CgB decline in an age-dependent fashion as indicate reductions in 12M versus 
3M WT animals. GAPDH is used as a loading control. Results are normalized by total protein content data obtained 
from GelDoc Blot scans. Data are presented as the mean ± SEM. Statistically significant difference is calculated using a 
Kruskal-Wallis test followed by Dunn's multiple comparisons test. * indicates p-value < 0.05, ** indicate p-value < 0.01 
and *** indicate p-value < 0.001.  

 

Consistently, the 5xFAD mouse model efficiently recapitulated hippocampal synapse loss and glial 

reactivity, which are well-established features of AD pathology (Chun and Lee, 2018; Long and 

Holtzman, 2019). Of note, an age-dependent rise in GFAP expression was evidenced in WT mice as 

well, yet to a lesser extent than in transgenic mice (153%, p = 0.04), which may be consequence of 

adaptive plasticity mechanisms occurring in physiological aging (Rodríguez-Arellano et al., 2016). 

 

In a similar manner, levels of the secretory protein CysC were found elevated in 5xFAD hippocampal 

tissues compared to controls at 3- (172%, p = 0.04), 6- (293%, p = 0.022) and 12-months (385%, p 

= 0.022). Moreover, CysC was also augmented in an age-dependent fashion in WT animals (183% 

in 12-months WT, p = 0.026). These results suggested that alterations in hippocampal CysC and glial 

reactivity may run in parallel. In fact, increased CysC in reactive astrocytes has been evidenced in 

transgenic mice expressing the human APP gene with the Swedish double mutation (Steinhoff et 

al., 2001).  

 

DCV-contained secretory proteins were generally decreased in the hippocampi of 12-months 

5xFAD mice. Regarding the protein convertases, immunoblots revealed for PC1 and PC2 only 

precursor (87 and 75kDa, respectively) but not mature forms, which declined significantly in 12-

months transgenic hippocampal tissues (p = 0.0022 and p = 0.013, respectively). Moreover, a 

significant age-dependent reduction was observed for PC2 in both 5xFAD (69% and 98% decreases 

in 12-months compared to 3- and 6-months, respectively) and WT mice (40% decrease, p = 0.002). 

Lastly, levels of PC2 were significantly increased in the hippocampus of 6-months 5xFAD mice in 

comparison with their WT littermates (rise of 50%, p = 0.026).  
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Two bands of differential electrophoretic mobility were detected for CgA, likely corresponding to 

mature (around 50kDa) and sub-processed (around 37kDa) forms. To obtain global CgA levels, and 

due to great differences in band intensity, both bands were independently quantified and results 

were averaged. As for PC2, levels of CgA declined significantly in 12-months transgenic hippocampi 

(p = 0.002) and significant age-dependent reductions were observed in both 5xFAD (103% and 65% 

decreases in 12-months compared to 3- and 6-months, respectively) and WT animals (78% 

decrease, p = 0.026). Of note, a rise in CgA was evidenced in 3-months 5xFAD mice compared to 

WT of the same age (rise of 53%, p = 0.03).  

 

CgB displayed a robust mature form of around 80kDa and two additional bands with higher mobility 

likely corresponding to differently-processed precursor forms (around 100kDa). In a pooled 

quantification, significant age-dependent decreases were evidenced for both WT (around 20% for 

both 6- and 12-months compared to 3-months) and 5xFAD mice (around 40% for 12-months 

compared to both 6- and 3-months). 

 

Finally, levels of CPE similarly declined in an age-dependent manner in the hippocampi of WT 

animals (30% decrease, p = 0.039) and increased in 6-months 5xFAD mice compared to WT of the 

same age (36% increase, p = 0.041). However, their levels were preserved in 12-months 5xFAD 

hippocampal tissues compared to controls, which may be attributed to CPE being the only analyzed 

DCV-protein present in both neurons and astrocytes.  

 

Overall, the 5xFAD mouse model apparently recapitulated hippocampal synapse loss and glial 

reactivity, which was also age-dependently increased in WT mice. Rises in CysC and CPE ran in 

parallel with alterations in markers of reactive gliosis. Other exclusively-neuronal DCV components 

as PC1, PC2, CgA and CgB decreased in transgenic hippocampal tissues at 12 months, which could 

be associated with the synapse loss evidenced at the same age. Nevertheless, alterations in 

synthesis, degradation or neuronal loss might not be discarded. Finally, many DCV-cargos increased 

in the hippocampi of 5xFAD mice at early ages. Altogether, these results suggest the existence of 

initial compensatory mechanisms and later failure of synaptic structures, in line with existing 

literature (Duits et al., 2018). 
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Secretory cargos of DCV are maintained in neuronal terminals of 5xFAD mice  

As DCVs preferentially fuse at synapses, even though they are also well-represented in 

dendrites (Persoon et al., 2018), we next questioned whether levels of DCV proteins could be 

similarly altered in nerve terminals of 5xFAD mice. Therefore, synaptosome fractions were obtained 

from 3 and 12-months WT and 5xFAD mouse cerebral cortices following the protocol summarized 

in Figure 31A. Isolated synaptosomes were subsequently visualized in a transmission electron 

microscope, where electron micrographs evidenced that membrane and synaptic structures were 

properly maintained in both WT and 5xFAD synaptosomal fractions (Figure 31B).  

 

As evidenced in the immunoblots of Figure 31C, SV and DCV proteins were detected in 

synaptosome preparations. Equal amount of protein (7.5µg) was loaded for cerebral cortex 

homogenate and cortical synaptosomes. Synapse markers, as the SV membrane-associated protein 

Syp and the post-synaptic density protein PSD95, were highly enriched in synaptosome fractions, 

compared to total cortex homogenate. Otherwise, DCV markers as CPE, PC2 and CysC were 

abundantly detected in the cerebral cortex and slightly less but still consistently well-detected in 

synaptosome preparations.  

 

To further characterize synaptosomal fractions, release assays were performed in live 

synaptosomes maintained in an appropriate secretion medium. CPE and PC2 were slightly detected 

in the released media under basal conditions, whereas both were markedly increased in response 

to 55mM KCl stimulation (Figure 31D). Moreover, APP overexpression was corroborated in 12-

months 5xFAD synaptosomes, as evidenced western blot analyses in Figure 31E. 5xFAD mice 

displayed increased intensities for a set of bands likely corresponding to APP (around 100kDa). 

Lower-mobility bands likely corresponding to the βAPP carboxyterminal fragment (β-CTF; around 

17kDa) were strongly evidenced in 5xFAD but not in WT. 

 

Subsequently, western blot analyses of synaptosomal preparations from hippocampal tissues of 

WT and 5xFAD mice at 3- (n = 6/ group) and 12- (n = 3/group) months were performed (Figure 32). 

7.5µg of protein was loaded into gels, except for Syp and CPE analyses, which were detected in 3µg. 

Results were normalized by total protein content data obtained from Ponceau staining scans and 

represented as percent variation versus WT levels at each age, which were considered as the 100%. 
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Figure 31. Characterization of synaptosomal preparations. A. Schematic representation of the synaptosome obtention 
protocol from mouse cerebral cortex homogenates. S and P indicate supernatant and pellet fractions, respectively. B. 
Transmission electron micrographs of cortical synaptosomes from 6-months WT and 5xFAD mice indicate that 
membrane and synaptic structures in synaptosomal preparations are properly maintained. Arrows point to SVs, arrow-
heads delineate post-synaptic densities and asterisks indicate DCVs. Scale bars in nm: top, 250; bottom, 200. C. Western 
blot analyses of SV and DCV proteins in synaptosomal preparations (7.5µg) in comparison with total cortical levels 
(7.5µg). Syp and PSD95 are highly enriched in synaptosome fractions, whereas CPE, PC2 and CysC are abundantly 
detected in the cerebral cortex and slightly less but still consistently represented in synaptosome fractions. β-actin is 
used as loading control. D. Secretion assays performed in live synaptosomal preparations indicate that obtained 
synaptosomes are functional, as release of both CPE and PC2 markedly increases in response to 55mM KCl stimulation. 
E. Western blot analyses of cortical synaptosomes from 12-months WT and 5xFAD mice indicate that APP is present in 
both WT and 5xFAD mice, being overexpressed in 5xFAD (around 100kDa; arrow). Bands likely corresponding to the 
βAPP carboxyterminal fragment (β-CTF; around 17kDa; arrow-head) are strongly evidenced in 5xFAD but not in WT. 
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For PC1 and PC2 precursor forms were observed in synaptosome preparations (around 87 and 

75kDa, respectively). For CgA, the mature form (around 50kDa) was evidenced. CgB revealed a 

robust mature form (around 80kDa) and two additional bands of higher mobility (both around 

100kDa), which were all analyzed together in a pooled quantification. Results evidenced increased 

levels of GFAP (p = 0.0002), Iba1 (p = 0.028) and CysC (p = 0.032) at 12 months, but unexpectedly, 

invariable SV (Syp) and DCV proteins (CPE, PC1, PC2, CgA and CgB) in hippocampal synaptosomes 

of 5xFAD mice at both 3 and 12 months of age compared to controls (Figure 32). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 32. DCV secretory cargos are maintained in hippocampal synaptosomes of 3 and 12-month 5xFAD mice. A. 
Representative western blot analysis of synaptosome preparations from hippocampal (HP) tissues of WT and 5xFAD 
mice at 3 and 12-month (M) of age (n = 6 for each genotype at 3M; n = 3 for each genotype at 12M). 7.5µg of protein 
is loaded into gels, except for Syp and CPE analyses (detected in 3µg). PC1 and PC2 reveal only precursor (87 and 75kDa, 
respectively) forms. For CgA, only the mature form is revealed (50kDa). CgB displays a robust mature form (80kDa; 
arrow-head) and two additional bands (both around 100kDa, arrow and short-arrow, respectively). All bands of CgB 
have been quantified together. B. Graphs summarize percent variation of different protein levels in HP synaptosomes 
of 5xFAD mice versus WT levels at each age (represented as the 100%). Syp is maintained in 5xFAD HP synaptosomes 
at both 3 and 12M. GFAP and Iba1 are increased in HP neuronal terminals of 5xFAD mice at 12M compared to controls. 
Iba1 levels are below detection limit (n.d.) in 3M mice HP synaptosomes. CysC is also augmented in synaptosomes from 
12M 5xFAD mice. Levels of DCV-markers (CPE, PC1, PC2, CgA and CgB) are maintained in synaptosomes from both 3 
and 12M 5xFAD mice compared to controls. Results are normalized by total protein content data obtained from 
Ponceau staining scans. Data are presented as the mean ± SEM. Statistically significant difference is calculated using a 
two-tailed Mann-Whitney test. * indicates p-value < 0.05 and *** indicate p-value < 0.001.  

A B 
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To further corroborate and extend these results, secretory proteins were also analyzed in 

synaptosomal preparations from the entire cerebral cortex of 3 and 12-months WT and 5xFAD mice 

(n = 6 for each genotype and age). Representative immunoblots are shown in Figure 33A. Again, 

7.5µg of protein was loaded into gels, except for Syp and CPE analyses, which were detected in 3µg. 

Results were normalized by total protein content data obtained from Ponceau staining scans and 

represented as percent variation versus WT levels at each age, which were considered as the 100%. 

The same electrophoretic bands were observed for all proteins in cortical synaptosomes, compared 

to hippocampal synaptosomes. Levels of DCV secretory proteins were similarly preserved in cortical 

synaptosomes of 3 and 12-month 5xFAD mice, except for CPE, which declined (70.5%, p = 0.026) in 

3- and increased (195.2%, p = 0.0022) in 12-months 5xFAD cortical synaptosomes. Of note, Syp was 

reduced (57.5%, p = 0.0043) in 12-month 5xFAD cortical synaptosomes (Figure 33B). 

  

Variations in the levels of secretory proteins in the CSF of 5xFAD mice  

Consequently, we next investigated whether levels of secretory proteins could be altered in 

the CSF of 3, 6 and 12-month 5xFAD mice. Therefore, CSF extractions were performed from the 

cisterna magna with a borosilicate capillary, through which CSF flowed out as a result of pressure 

differences. In average, CSF volumes obtained from all extractions ranged between 3 and 12μL, 

which were rapidly transferred from capillaries into tubes.  As DCV secretory proteins were present 

in mouse blood and plasma, even a minor blood residue originated from CSF extraction could reach 

the CSF and mask quantification results (Figure 34A).   

 

Thus, all analyzed CSF samples were screened for blood contamination using two different 

exclusion criteria. First, and right after extraction, all samples were visually inspected for possible 

blood traces. Only visible clear CSF samples were considered for analysis. In addition, clear samples 

were immediately centrifuged to remove any other imperceptible blood or cellular residue. Since 

IgM is a large molecule usually present in very low concentrations in the CSF (Reiber, 2016), 

elevated IgM levels could evidence abnormal blood presence in CSF samples. Hence, a second 

exclusion criterium was used based on the amount of IgM detected in mice CSF by western blot. 

CSF samples with abnormally elevated levels of IgM were eliminated from analyses, as anomalous 

quantities of DCV proteins could be detected in such cases (Figure 34B). Finally, a total of 63 CSF 

samples were included in the present study for secretory protein analysis in 3, 6 and 12-month WT 

(n = 8, n = 8, n = 11) and 5xFAD (n = 11, n = 13, n = 12) mice, respectively. 
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Figure 33. DCV secretory proteins are generally preserved in cortical synaptosomes of 3 and 12-month 5xFAD mice. A. 
Representative western blot analysis of synaptosomal preparations from cortical (CX) tissues of WT and 5xFAD mice at 
3 and 12-month (M) of age (n = 6 for each genotype and age). 7.5µg of protein is loaded into gels, except for Syp and 
CPE analyses (detected in 3µg). PC1 and PC2 reveal only precursor (87 and 75kDa, respectively) forms. For CgA, only 
the mature form is revealed (50kDa). CgB displays a robust mature form (80kDa; arrow-head) and additional bands 
(around 100kDa, arrow and short-arrow, respectively). All bands of CgB have been quantified together. B. Graphs 
summarize percent variation of different protein levels in CX synaptosomes of 5xFAD mice versus WT levels at each age 
(represented as the 100%). Syp is reduced in 5xFAD CX synaptosomes at 12M. GFAP and Iba1 are increased in CX 
neuronal terminals of 5xFAD mice at 12M compared to controls. Iba1 levels are below detection limit (n.d.) in 3M mice 
CX synaptosomes. Levels of most DCV-markers (PC1, PC2, CgA and CgB) are maintained in CX synaptosomes from both 
3 and 12M 5xFAD mice compared to controls. CPE, however, declines in 3M and increases in 12M 5xFAD CX 
synaptosomes. Results are normalized by total protein content data obtained from Ponceau staining scans. Data are 
presented as the mean ± SEM. Statistically significant difference is calculated using a two-tailed Mann-Whitney test. * 
indicates p-value < 0.05 and ** indicate p-value < 0.01.  

 

Due to the limited CSF volumes, DCV proteins were analyzed by western blot in the same CSF 

samples (2µL) from WT and 5xFAD mice of 3, 6 and 12 months of age. Since our antibodies for 

several DCV markers originated in the same host, and many proteins had a similar molecular weight, 

only the levels of CPE, PC2 and CysC could be assessed. A single band was evidenced for all three 

proteins in mice CSF samples at these small volumes, likely corresponding to the mature forms of 

CPE (53 kDa) and PC2 (75kDa) and to the monomeric form of CysC (14kDa) (Figure 35A). 

A B 
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Figure 34. Mice CSF selection and exclusion criteria. A. Western blot analyses indicate that CPE, PC2 and CysC are 
abundantly represented in mouse blood and plasma (0.25µL) and in blood-contaminated CSF (2µL). Thus, after visual 
examination of extracted CSF, only completely clear samples, devoid of any visible blood residue, are selected for 
further analysis. Elevated IgM levels evidence abnormal blood presence in contaminated CSF. B. Besides visual 
inspection and centrifugation after extraction, a posterior western blot analysis of IgM levels is used to exclude samples 
with abnormal blood presence that could not be evidenced by visual inspection.  

 

In Figure 35B, graphs summarized percent variation of secretory proteins levels in the CSF of 3, 6 

and 12-months WT and 5xFAD versus levels of 3-months WT, which were represented as the 100%. 

CysC significantly increased to levels of around 150% in the CSF of 5xFAD mice at both 6 and 12 

months compared to WT at each age (p = 0.046 and p = 0.03, respectively). Besides, a significant 

age-dependent increase in CysC was evidenced in 12-months compared to 3-months 5xFAD 

samples (p = 0.03). For CPE and PC2, no statistically significant differences were observed between 

5xFAD and WT mice at any age. However, both proteins were significantly reduced in the CSF of 12-

month compared to 3-month 5xFAD mice (46% decrease, p = 0.03 and 96% decrease, p = 0.0001, 

respectively). A similar age-dependent reduction was also evidenced, yet to a lesser extent, for PC2 

in WT animals (58% reduction, p = 0.0005). 
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Figure 35. Secretory proteins are diversely altered in the CSF of 5xFAD mice. A. Representative immunoblots show 
levels of CPE, PC2 and CysC in the same CSF samples (2µL) from WT and 5xFAD mice of 3, 6 and 12 months (M) of age. 
Only a single band is detected for all three proteins in the CSF at these small volumes, corresponding to the mature 
forms of CPE (53 kDa) and PC2 (75kDa), respectively and to the monomeric form of CysC (14kDa). B. Graphs summarize 
percent variation of secretory proteins levels in the CSF of 3M (WT n = 8; 5xFAD n = 11), 6M (WT n = 8; 5xFAD n = 13) 
and 12M (WT n = 11; 5xFAD n = 12) versus levels of 3M WT (represented as the 100%). CysC significantly increases to 
levels of around 150% in the CSF of 5xFAD mice at 6 and 12M compared to controls of each age. Besides, 12M 5xFAD 
samples display elevated CysC compared to 3M 5xFAD. For CPE and PC2, no statistically significant differences are 
observed between 5xFAD and WT mice at any age. However, both proteins are significantly reduced in the CSF of 12M 
5xFAD mice compared to 3M 5xFAD. A similar reduction is also observed, to a lesser extent, for PC2 between 12M and 
3M WT mice. Data are presented as the mean ± SEM. Statistically significant difference is calculated using a Kruskal-
Wallis test followed by Dunn's multiple comparisons test. * indicates p-value < 0.05 and *** indicate p-value < 0.001.  

 

In conclusion, DCV proteins were generally increased in hippocampal tissues of 5xFAD mice at initial 

stages and finally decreased in 12-month-old transgenic mice. Moreover, their levels age-

dependently decreased in the CSF. These results could be attributed to several causes, including 

changes in protein expression, synapse loss or neuronal loss. As their levels were invariable in 

hippocampal and cortical neuronal terminals, an impairment in secretion or an accumulation of 

DCV proteins at the terminal level, may also be suggested.  

A B 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



103 
 

 

 

 

 

 

 

 

 

DISCUSSION 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



105 
 

DISCUSSION 

As an outstanding result of the present study, DCV secretory markers accumulate in 

dystrophic neurites and GVD bodies and decline in the CSF of AD patients. These markers include 

granins, carboxypeptidases and protein convertases, which are well-established molecular 

components of neuronal and endocrine DCVs (Bartolomucci et al., 2011; Vázquez-Martínez et al., 

2012). In addition to their important intracellular roles in the sorting, trafficking and processing of 

significant peptidergic cargos as neurotrophins and hormones, key extracellular neurotrophic 

functions have been proposed for certain DCV markers (Bartolomucci et al., 2011; Cawley et al., 

2012; Cheng et al., 2014). Hence, our reported variations in DCV proteins in the brain and CSF of 

AD patients and 5xFAD mice may reflect dysfunctions of the regulated secretory pathway, which 

could probably be taking part in aberrant cerebral functioning and neurodegeneration processes 

occurring in AD (Abolhassani et al., 2017; Artenstein and Opal, 2011; Bartolomucci et al., 2010; Lin 

and Salton, 2013; Nakabeppu and Ninomiya, 2019; Plá et al., 2017).  

 

Certain DCV secretory markers are also abundantly synthesized and released by astrocytes in vitro 

and in situ (Paco et al., 2010; Plá et al., 2017). Here we have shown that astrocyte peptidergic 

secretory vesicles are heterogeneous and display variable release rates in response to extracellular 

Ca2+-evoked stimulation, which are enhanced in proinflammatory-treated astrocytes in vitro and in 

an LPS-induced neuroinflammation model in situ. Furthermore, we have evidenced that 

unstimulated release of astrocyte secretory proteins in vitro does not require intrinsic Ca2+ 

oscillations but critically depends on intracellular Ca2+. Understanding the mechanisms of 

fundamental astrocytic processes as peptidergic secretion under control and proinflammatory 

conditions is crucial, as reactive astrogliosis is a common feature of neurodegenerative diseases 

which has been associated to AD synaptic dysfunction (Brosseron et al., 2018; Van Eldik et al., 2016). 

In fact, besides neurotransmission impairments, aberrant astrocyte Ca2+ signalling and 

gliotransmission have been previously reported in AD (Mattson and Chan, 2003; Verkhratsky et al., 

2017; Volk et al., 2015). All in all, since neuronal and glial communications are clearly affected in 

AD, our results suggest that alterations in the regulated secretory pathway may be mediators of 

underlying pathological mechanisms of AD and propose DCV secretory markers as candidate 

disease biomarkers.  
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Astrocyte peptidergic secretion dependence on intracellular Ca2+  

Ca2+-evoked release of astrocyte secretory proteins in situ and in vitro  

Astrocyte vesicular secretion of transmitters participates in fundamental cerebral processes 

as synaptic plasticity, neuronal development and neurovascular coupling, which are crucial for an 

appropriate brain functioning (Halassa et al., 2007; Malva et al., 2012; Otsu et al., 2015; De Pins et 

al., 2019). Additional research is needed to further comprehend the dynamics and the mechanisms 

underlying astroglial regulated secretion, especially in vivo. Previous investigations evidenced 

expression of DCV secretory markers as CPE, SgII and SgIII in astrocytes in vivo and variable release 

responses after Ca2+-mediated evoked stimulation in astrocytes in vitro (Paco et al., 2009, 2010; Plá 

et al., 2013, 2017). Because CPE and secretogranins are expressed in both astrocytes and neurons 

(Plá et al., 2017), our analysis of astrocyte peptidergic release in situ required an endogenous 

astrocyte-specific secretory protein.  

 

Consequently, in the present study, a model of LPS-induced neuroinflammation has been 

implemented to enhance astrocyte expression of the secretory protein LCN2 (Jin et al., 2014; Kang 

et al., 2017; Zamanian et al., 2012), as an approximation to investigate astrocyte endogenous 

regulated secretion in situ. Induction of glial reactivity and LCN2 overexpression has been confirmed 

48h after LPS intraperitoneal injection, in line with existing literature (Jang et al., 2013; Jha et al., 

2015; Jin et al., 2014; Lee et al., 2009; Naudé et al., 2012). LCN2 immunolabeling strongly colocalizes 

with GFAP, confirming its previously reported astrocytic localization (Jang et al., 2013; Jin et al., 

2014; Mesquita et al., 2014; Naudé et al., 2012). In accordance with earlier research (Bi et al., 2013; 

Mesquita et al., 2014), our results have indicated virtually null LCN2 immunostaining in microglia, 

yet it is a controversial issue (Jang et al., 2013; Jin et al., 2014; Naudé et al., 2012).  

 

Similarly, LCN2 neuronal expression has also been a highly debatable matter. In consistence with 

numerous investigations (Cvijetic et al., 2017; Kim et al., 2017; Mesquita et al., 2014), neurons are 

virtually devoid of LCN2 in our model. Interestingly, neuronal LCN2 protein, but not mRNA, has 

been reported in some studies, which could be explained by neuronal 24p3R receptor-mediated 

internalization of extracellular LCN2 (Devireddy et al., 2005; Ip et al., 2011). Moreover, since LCN2 

is associated to innate immunity against infections, an expected LCN2 expression was observed in 

the choroid plexus (Flo et al., 2004; Ip et al., 2011; Marques et al., 2008).  
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Our assays in acute brain slices have revealed strong CPE and moderated CysC secretion in response 

to KCl stimulation. As CPE and CysC are localized in astrocytes and neurons here and by others 

(Mathews and Levy, 2016; Plá et al., 2013, 2017; Vázquez-Martínez et al., 2012), their presence in 

the media may have these two cellular origins. Differential responses to KCl-evoked stimulated 

release suggest the existence of heterogeneous subpopulations of peptidergic vesicles in neurons 

and astrocytes (Deng et al., 2001; Paco et al., 2009; Plá et al., 2017). Importantly, after carefully 

removing the choroid plexus from brain slices, KCl-stimulation also efficiently induces LCN2 release 

in situ in LPS-treated mice, yet to a lesser extent than for CPE. Lower rates of LCN2 stimulated 

secretion compared to CPE may substantiate the astrocytic origin of LCN2, since greater stimulated 

release is associated to specialized secretory cells as neurons (Bohmbach et al., 2016).  

 

Astrocyte exocytosis of gliotransmitters and its physiological consequences in vivo has been a highly 

controversial issue for years (Hamilton and Attwell, 2010). With multiple evidences in favour and 

against, it is still under debate how astrocytes certainly contribute to the processing of neural 

information (Fiacco and McCarthy, 2018; Savtchouk and Volterra, 2018). Here, we have provided 

evidence for astrocyte regulated release of LCN2 in situ in a neuroinflammation-induced model, in 

a context close to in vivo conditions. Previous research in astrocyte regulated secretion have 

revealed astrocytic involvement in cholinergic plasticity and the release of diffusible vasodilators 

during activation of cortical neurons in vivo (Takata et al., 2011; Xu et al., 2008). In fact, astrocytes 

have been claimed as potential regulators of neurovascular coupling in vivo by means of neuronal-

mediated increases of Ca2+ in astrocyte processes (Otsu et al., 2015).  

 

It is mainly due to Ca2+-mediated vesicular transmitter release that gliotransmission occurs 

(Savtchouk and Volterra, 2018).  Neuronal signaling activates Ca2+ waves in astrocyte circuits (Dani 

et al., 1992) and astrocytes, in turn, release glutamate which ultimately regulates synaptic strength 

(Jourdain et al., 2007). In our model, KCl presumably triggers neuronal depolarization-induced Ca2+ 

increases that lead to neurotransmitter release (i.e. glutamate, ATP and cannabinoids) at synaptic 

terminals, which activate astrocyte receptors (Carmignoto et al., 1998; Filosa et al., 2012; Navarrete 

and Araque, 2010). Astrocytes then decode neuronal information generating local Ca2+ transients 

that propagate through the cell by Ca2+-induced Ca2+ release from intracellular stores and reach 

astrocyte end-foot to favor vesicular release of gliotransmitters (Bazargani and Attwell, 2016; Filosa 

et al., 2006; Semyanov, 2019). 
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In our study, cultured astrocytes release CPE in response to rises in intracellular Ca2+ caused by 

ionomycin, whereas CysC and LCN2 display a high unstimulated release and a similar response after 

ionophore treatment. Importantly, stimulated release of astrocyte secretory proteins is enhanced 

under proinflammatory conditions, even though release of LCN2 is apparently less influenced by 

Ca2+ than CPE. Our results could be attributed to differential secretion mechanisms underlying 

astrocyte heterogeneous vesicle populations. In fact, we have found these secretory proteins 

localized in different vesicle types and a heterogeneity among vesicle subpopulations. CysC and 

LCN2 only partially colocalize with each other and, in accordance with existing literature, with 

lysosomal markers (Deng et al., 2001; Mathews and Levy, 2016; Yang et al., 2002), whereas CPE is 

contained in DCV-like in astrocytes (Paco et al., 2010; Plá et al., 2013, 2017).  

 

Enhanced astrocyte stimulated secretion under proinflammatory treatment could be attributed to 

adjustments of the glial secretory pathway occurring in different cellular states (Paco et al., 2009). 

In fact, vesicle delivery is affected in reactive astrocytes (Verkhratsky et al., 2016) and variations in 

gliotransmission may be linked to the pathological mechanisms of several brain disorders 

characterized by reactive astrogliosis (Allan and Rothwell, 2001; Brosseron et al., 2018; Halassa et 

al., 2007). Importantly, hyperactivated astroglia display aberrant Ca2+ signalling, which could have 

an impact on the molecular mechanisms underlying astrocyte regulated secretion (Halassa et al., 

2007; Shigetomi et al., 2019). 

 

Previous investigations have also reported evidences of regulated exocytosis for the different 

astrocytic vesicles in vitro. For instance, stimulation by ATP causes Ca2+-mediated release of 

glutamatergic SLMVs from cultured astrocytes (Jeremic et al., 2001). Secretory proteins of astrocyte 

DCVs as SgII, SgIII, CPE, ANP and NPY have also been described to undergo Ca2+-dependent 

regulated secretion in response to different secretagogues, including ionomycin (Calegari et al., 

1999; Krzan et al., 2003; Paco et al., 2009; Plá et al., 2017; Ramamoorthy and Whim, 2008; 

Verkhratsky et al., 2016). Regarding lysosomal secretion, ATP has been abundantly detected in 

astrocyte lysosomes and released in stimulus-dependent manner (Zhang et al., 2007). Of note, 

lysosomes are considered the main vesicular organelle undergoing Ca2+-mediated exocytosis from 

cortical astrocytes (Li et al., 2008). In vivo studies have additionally corroborated that isolated 

astrocytes express the necessary genes for lysosome release and that ATP secreted by astrocytes 

modulates neurotransmission (Cahoy et al., 2008; Pascual et al., 2005).  
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In fact, astrocytes display the machinery for Ca2+-dependent regulated secretion of vesicular 

gliotransmitters (Bohmbach et al., 2016), including neurotransmitter transporters, synaptotagmins 

and SNARE proteins, being syntaxin 4, SNAP23 and VAMP3 the most abundant isoforms (Bezzi et 

al., 2004; Blakely and Edwards, 2012; Guček et al., 2012; Montana et al., 2009; Paco et al., 2009). 

Regarding astrocytic DCV, secretogranins contribute to cargo concentration and vesicle biogenesis 

(Calegari et al., 1999; Paco et al., 2009, 2010). Additionally, both astrocyte DCVs and SLMVs display 

membrane VAMP2 or VAMP3 (Verkhratsky et al., 2016), whereas VAMP7 is associated to lysosomes 

(Verderio et al., 2012). While synaptotagmin 4 regulates glial SV-glutamate secretion (Zhang et al., 

2004), synaptotagmin 7 facilitates Ca2+-mediated lysosomal release (Arantes and Andrews, 2006; 

Chakrabarti et al., 2003; Jung et al., 2014), which has also been evidenced in vivo (Shin et al., 2012).  

 

In conclusion, extracellular Ca2+-mediated stimulated release of secretory proteins is enhanced in 

proinflammatory-treated astrocytes in vitro and in an LPS-induced neuroinflammation model in 

situ. DCV- and lysosomal-related proteins are released in response to intracellular Ca2+ increases 

caused by the ionophore ionomycin. However, release of LCN2 is apparently less influenced by 

extracellular Ca2+ entry than the secretion of CPE, which could be attributed to differential release 

mechanisms underlying astrocyte heterogeneous vesicle subpopulations. Our results are significant 

because they provide further evidence of astrocytic regulated secretion in situ, under induced-

neuroinflammation conditions.   

 

Astrocyte unstimulated release of secretory proteins depends on intracellular Ca2+ 

In our secretion assays in vitro, astrocytes display high rates of unstimulated release and 

moderated evoked secretion of secretory peptides compared to neurons, which is in accordance 

with astrocyte unprofessional secretory nature (Calegari et al., 1999; Paco et al., 2009, 2010; Plá et 

al., 2017). Our results further indicate that secretory peptides are scarcely retained and 

immediately released after synthesis in an unstimulated manner, both in control and 

proinflammatory-treated astrocytes. Previous studies have reported spontaneous release of 

transmitters from astrocytes, which seem to have key functional implications as in the regulation 

of neurotransmitter release (Bonansco et al., 2011). Complete and transient (kiss-and-run and kiss-

and-stay) fusion events occur in astrocytes  (Bezzi et al., 2004; Prada et al., 2011) and both fusion 

modalities are responsible for astrocyte spontaneous vesicular release in a similar ratio (Bowser 

and Khakh, 2007; Malarkey and Parpura, 2011). 
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Furthermore, we have also determined that astrocyte unstimulated release of secretory proteins 

is independent of intrinsic Ca2+ oscillations, under both proinflammatory and control conditions.  

Even though astrocyte spontaneous Ca2+ fluctuations are virtually prevented after the strong 

blockage of SERCA with thapsigargin, intracellular Ca2+ levels are higher than in resting conditions 

(Innocenti et al., 2000; Wang et al., 2006), which could explain the observed invariable secretion 

rates. However, since astrocyte Ca2+ dynamics is highly compartmentalized and heterogeneous, the 

role of microdomain local Ca2+ activity in astrocyte peptidergic release should be additionally 

assessed (Araque et al., 2014; Bazargani and Attwell, 2016; Otsu et al., 2015; Savtchouk and 

Volterra, 2018).  

 

The Ca2+ chelator BAPTA-AM has been used in gliotransmission studies to abolish induced and 

resting astrocyte Ca2+ levels (Agulhon et al., 2012). Here we have demonstrated that intracellular 

Ca2+ is required for the rapid release of newly synthesized secretory proteins in astrocytes. Similarly, 

previous studies reported intracellular Ca2+ dependence of astrocyte basal release of SgII (Paco et 

al., 2009) and glutamate (Malarkey and Parpura, 2011). As Ca2+ plays a fundamental role in 

astrocyte vesicle trafficking and fusion (Bohmbach et al., 2016; Potokar et al., 2013; Stenovec et al., 

2007; Zhang et al., 2004), chelating intracellular Ca2+ may interfere these processes and finally lead 

to a lessened release, also in unstimulated conditions. Additionally, this Ca2+ dependence of 

unstimulated release is higher for lysosomal-related proteins (i.e. LCN2 and CysC), which could 

explain their greater unstimulated secretion rates and lower stimulated-responses in comparison 

with DCV proteins. In fact, it has been described that astrocyte small vesicles respond to Ca2+ 

elevations faster and more frequently than lysosomes (Liu et al., 2011). These observations could 

be attributed to the distinct molecular machineries implicated in the exocytosis of the different 

astrocyte vesicle types (Arantes and Andrews, 2006; Guček et al., 2012; Jung et al., 2014; Montana 

et al., 2009; Paco et al., 2009; Verderio et al., 2012). 

 

Overall, our results indicate that secretory peptides are scarcely retained and immediately released 

in unstimulated astrocytes, under both control and proinflammatory conditions. Moreover, 

peptidergic secretion of unstimulated astrocytes does not require intrinsic Ca2+ oscillations, but 

critically depends on intracellular Ca2+. Apparently, unstimulated release of lysosomal-related 

proteins displays a higher Ca2+ sensitivity, which nicely corresponds with their lesser secretion rates 

after Ca2+-mediated stimulation, compared to DCV-contained secretory proteins.   
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Alterations of the regulated secretory pathway in Alzheimer’s disease 

Neuropathological alterations of DCV cargos in the AD cerebral cortex 

As a main goal of the present dissertation, we have studied DCV secretory markers in the 

brain and CSF of AD patients. In advanced-AD brains, our immunoblotting assays of hippocampal 

and parietal tissues have revealed apparently invariable global levels of DCV proteins, except for 

the precursor form of PC2 (pPC2) which increases in both regions. Additionally, a significant 

reduction of the SV associated membrane protein Syp has been evidenced in AD cortices, in line 

with many studies focusing on synapse loss (Arendt, 2009). Specific alterations of other synaptic 

markers as SNAP25, Rab3A, PSD95 and neurogranin, which exert key roles in vesicle trafficking and 

exocytosis, have also been determined in AD (Bereczki et al., 2018; Ferrer et al., 1998).  

 

Considering DCV peptides as putative markers of presynaptic structures may provide additional 

understanding of synapse impairment (Persoon et al., 2018; Willis et al., 2011). Alterations in total 

levels of some DCV proteins have been previously reported in AD brains. For instance, elevated CgA 

and lowered SgII were earlier evidenced in AD cortices (Lassmann et al., 1992).  Consistently with 

prior research, we have found invariable levels of PC1 in AD brain homogenates (Winsky-Sommerer 

et al., 2003). Interestingly, increased pPC2 and unchanging mature PC2 (mPC2) are evidenced in 

our study, in accordance with existing literature likely associating greater PC2 amounts with 

decreased levels of its specific inhibitor, 7B2 (Winsky-Sommerer et al., 2003; Yakovleva et al., 2007). 

 

A number of authors have also reported alterations of CysC in AD (Mathews and Levy, 2016). We 

have found decreased levels of the 28kDa form of CysC and invariable levels of the other forms in 

AD cortices. Otherwise, in our immunohistochemical analyses, CysC increases in pyramidal neurons 

and in reactive astrocytes close to Aβ plaques, as previously emphasized (Deng et al., 2001; Levy et 

al., 2001). Besides, intra- and extracellular binding of CysC and Aβ has been evidenced, suggesting 

an anti-amyloidogenic protective role for CysC in AD (Gauthier et al., 2011; Kaur and Levy, 2012). 

In human cortices, our data evidenced CysC immunolabeling in LAMP1+ structures, but not in DCV, 

which is in line with the described colocalization between CysC and the lysosomal cathepsin B (Deng 

et al., 2001). Interestingly, an association between CysC neuroprotective role in AD and cathepsin 

B inhibition has been defined (Gauthier et al., 2011). Above and beyond, a recent study has 

evidenced cathepsin D upregulation in AD cortices, in correlation with tauopathy (Chai et al., 2019).   
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Similarly, when analyzing DCV-markers distribution throughout the AD brain by 

immunohistochemical assays, most of them have been found aberrantly accumulated in dystrophic 

neurites surrounding Aβ plaques. In previous research from our laboratory, great accumulations of 

CPE and SgIII were described in dystrophic neurites (Plá et al., 2013). Here, we have additionally 

demonstrated accumulations for PC1 and PC2 in dystrophic neurites near amyloid plaques. Of note, 

most early studies focusing on chromogranins in AD have stated that around 20% and 25% of Aβ 

plaques contain CgA and CgB, respectively (Lechner et al., 2004; Marksteiner et al., 2002).  

 

Granulovacuolar degeneration (GVD) is a key hallmark of AD which has been associated with 

tauopathy (Köhler, 2016). GVD bodies are aberrant lysosomal structures containing endocytic and 

autophagic cargo in core granules surrounded by outer membranes (Wiersma et al., 2019). Some 

proteins involved in vesicle trafficking and recycling (i.e. Golgin A4 and TMEM230) have been 

identified to accumulate in GVD bodies (Kork et al., 2018; Siedlak et al., 2017). However, as far as 

we know, no other research has investigated DCV proteins in GVD. Here, we provide new evidence 

of PC1 and PC2 being accumulated in GVD bodies in the CA1 region of AD hippocampi. In 

accordance with studies of GVD characterization (Köhler, 2016), PC1 and PC2 colocalized with the 

GVD core marker CK1δ and were surrounded by LAMP1+ membranes. Moreover, an association 

between PC1 and PC2+ GVD bodies and neurofibrillary tangle pathology has been also evidenced, 

in line with recent research (Köhler, 2016; Wiersma and Scheper, 2019).  

 

All in all, we have described aberrant accumulations of DCV markers in AD cortices in relation with 

two typical neuropathological hallmarks of AD: dystrophic neurites and GVD bodies. As DCV are 

distributed throughout neurons but preferentially fuse at synapses (Persoon et al., 2018), an 

association between alterations in DCVs and SVs in AD would be expected. However, considering 

the reduction in Syp evidenced in the present study, the occurrence of distinct changes for both 

types of vesicles may be suggested, as formerly proposed (Willis et al., 2011). The currently 

reported accumulation of DCV cargos in AD may be attributed to other several causes. According 

to the amyloid cascade hypothesis of AD, an increase in the levels of Aβ is an initiating event in the 

pathology (Selkoe and Hardy, 2016). Thus, as Aβ species have been previously associated with 

dysregulations of the secretory pathway at different levels (Kimura and Yanagisawa, 2018; Plá et 

al., 2017; Seifert et al., 2016), alterations in vesicle trafficking and release may be suggested.  
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Given that Aβ production and secretion is controlled by several events along the membranous 

compartments of the secretory route (Tan and Gleeson, 2019), dysfunctional membrane trafficking 

in AD may have an impact on DCV biogenesis and release. Interactions between Aβ peptides and 

presynaptic proteins have been described to alter exocytosis (Fagiani et al., 2019; Yang et al., 2015). 

Additionally, aberrant endocytosis and endosome trafficking have also been reported in AD (Kimura 

and Yanagisawa, 2018). Importantly, endocytic dysfunction interrupts bidirectional axonal 

transport, thus leading to impairments in SV trafficking and docking (Kimura et al., 2012). Variations 

in microtubule-mediated transport occurring in AD may also influence DCV trafficking and secretion 

(Brandt and Bakota, 2017; Encalada and Goldstein, 2014).  

 

Accordingly, changes in transport and secretion of BDNF-containing DCVs induced by extracellular 

Aβ species have been reported, yet together with invariable BDNF secretion rates (Seifert et al., 

2016). Thus, even though activity-dependent mobilization of SVs and DCVs is similar (Levitan, 2008), 

the existence of differential pathological alterations for both types of vesicles may be suggested 

(Willis et al., 2011). Nevertheless, as Aβ oligomers have been determined to disrupt ER 

Ca2+ homeostasis and, consequently, induce ER stress, changes in protein expression may not be 

discarded (Alberdi et al., 2013). Likewise, dysfunction of protein degradation mechanisms should 

be considered, as hyperphosphorylated tau has been evidenced to constrain proteasome activity 

in AD (Keck et al., 2003; Komura et al., 2019).  

 

Finally, dysfunction of auto- and endo-lysosomal pathways has also been evidenced in AD (Son et 

al., 2015; van Weering and Scheper, 2019). To eliminate misfolded proteins, unconventional 

secretory routes are activated (Li et al., 2017), which may have an impact on DCV release. In fact, 

the development of GVD inclusions could indicate a failure in lysosomal stress response (Wiersma 

and Scheper, 2019). As GVD is an early event of the tau-pathology progression (Köhler, 2016; 

Wiersma et al., 2019), accumulation of DCV markers in GVD bodies suggests that alterations in the 

peptidergic secretory pathway may be associated to tauopathy and neurodegeneration in AD. 
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DCV markers decay in CSF and correlate with cognitive decline and neurodegeneration in AD 

In the present study, changes in DCV markers have been investigated in biopsied CSF from 

a very well characterized cohort of patients with early AD compared to age- and gender-matched 

healthy controls. Since the CSF directly interacts with the cerebral extracellular space, it may well 

reflect biochemical disturbances of the CNS (Johanson et al., 2008). As long-distance diffusion of 

peptide transmitters occurs via CSF (Alpár et al., 2019; Comeras et al., 2019), neurons may 

represent a core source of DCV markers reaching the CSF, yet astrocytic or ependymal origins might 

not be discarded (Alpár et al., 2018; Marques et al., 2007; Noble et al., 2018).  

 

Certain chromogranins have been earlier studied in the CSF of AD patients. CgA, a major constituent 

of the DCVs, was one of the first candidate markers for AD-associated synaptic failure (Blennow et 

al., 1995). In more recent proteomic assays, changes in other DCV components as CgB, SgII and CPE 

have been identified in the AD CSF, yet results appear controversial (Brinkmalm et al., 2018; Chi et 

al., 2016; Duits et al., 2018; Fagan and Perrin, 2012). Here, we have substantiated a global decline 

of DCV markers in the CSF of early AD patients by immunoblotting, which enabled visualization of 

precursor and mature forms of DCV proteins. Additionally, we have found decreased amounts of 

CysC in the CSF of AD patients. Low levels of serum and CSF CysC were previously shown in AD 

individuals (Hansson et al., 2009; Kaur and Levy, 2012; Simonsen et al., 2007). Even though CysC 

positively correlated with changes in both tau and Aβ42 levels in the CSF in some studies (Mathews 

and Levy, 2016), our results evidenced only partial correlation with t-tau, but not with Aβ42. 

 

As DCVs have been strongly associated with synaptic function (Levitan, 2008; Persoon et al., 2018), 

lower CSF concentrations of DCV markers may be related to synaptic dysfunction (Long and 

Holtzman, 2019). Given our reported accumulation of DCV proteins in AD cortices, alterations in 

vesicle transport or secretion are suggested. In fact, defective vesicle trafficking (Brandt and Bakota, 

2017; Tan and Gleeson, 2019) and release (Fagiani et al., 2019; Plá et al., 2017) have been reported 

in AD. However, altered protein synthesis and degradation (Alberdi et al., 2013; Komura et al., 

2019), neuronal loss (Arendt, 2009; Terry, 2000) or contributions of nonneuronal cells to CSF 

composition (Alpár et al., 2019; Marques et al., 2007) might not be discarded. In fact, as the choroid 

plexus is a significant source of CSF proteins and its function is disturbed in AD patients (Simon and 

Iliff, 2016), total protein levels of CSF samples from patients and controls have been assessed in our 

study and equal total protein amount between both cohorts is corroborated.  
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Interestingly, we have evidenced significant reductions in DCV proteins in the CSF of AD individuals 

with poorer MMSE scores, whereas their levels are maintained in AD patients with better test 

performance. Studies from 1990 already described an initial compensation of synapse loss in AD by 

increasing the size of remaining synapses (DeKosky and Scheff, 1990). Thus, and in further 

agreement with more recent investigations (Brinkmalm et al., 2014; Duits et al., 2018; Öhrfelt et 

al., 2016), our results could be attributed to compensatory mechanisms occurring in early-AD 

patients which would fail in later stages of the pathology, when synaptic failure is advanced.   

 

Nowadays, there is still no established biomarker that accurately predicts cognitive impairment 

progression in AD (Molinuevo et al., 2018). In fact, there is a need for new biomarkers that could 

change during the course of the disease, as the three core established CSF biomarkers for AD (i.e. 

Aβ42, t-tau and p-tau) are already impaired in cognitively normal individuals with preclinical AD and 

are invariably maintained in prodromal and dementia stages (Dubois, 2018). Hence, CSF molecules 

correlating with test performance could be useful to track cognitive damage in AD (Brinkmalm et 

al., 2014). Actually, synaptic markers as SNAP25, Rab3A and neurogranin have been recently 

reported to be altered in the CSF of AD patients and correlate with cognitive impairment (Bereczki 

et al., 2018; Kirsebom et al., 2018; Lleó et al., 2019).  

 

In this direction, as mPC2 positively correlates with the MMSE score of AD patients in our study, it 

may be a promising indicator of cognitive decline, as well. Proprotein convertases intracellularly 

cleave pro-BDNF into mature BDNF, which is well-established DCV cargo with key roles in neuronal 

development, differentiation and survival (Reichardt, 2006; Zhang et al., 2020). Interestingly, 

several studies have also reported reduced BDNF levels in both CSF and blood of AD patients in 

association with a higher risk of progression from MCI to dementia-AD (Du et al., 2018; Forlenza et 

al., 2015; Jung et al., 2009). Of note, increasing the levels of BDNF in the brain of FAD transgenic 

mice moderately recovered network alterations, prevented cognitive impairments and favored Aβ 

clearance (Nagahara et al., 2009; Saito et al., 2005; Zhang et al., 2015). Altogether, and since 

correlations between DCV proteins and tau but not Aβ42 have been described here, we propose 

that alterations in DCV transmission may be associated to the later stages of AD, when 

neurodegeneration and cognitive impairment are advanced.  
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DCV proteins decline in the brain and are maintained in neuronal terminals of 5xFAD mice  

Even though AD has long been characterized by the occurrence of Aβ plaques and 

neurofibrillary tangles (Hardy and Selkoe, 2002), the precise mechanisms responsible for the 

initiation of the pathology are still unknown. Investigations in animal models of AD may facilitate 

the study of triggering factors, the comprehension of disease progression and the search of new 

disease biomarkers and therapeutic strategies (Sasaguri et al., 2017). Among the several existing 

transgenic models of AD, 5xFAD mice recapitulate many pathological hallmarks of the disease in a 

premature and consistent manner hardly found in other AD transgenic mice (Crouzin et al., 2013).  

 

In fact, intracellular Aβ accumulations and neuroinflammation are observed from the first 2 months 

of age throughout the hippocampus and cortex in 5xFAD mice, and are followed by significant 

extracellular Aβ plaques from 3 months (Dietrich et al., 2018; Oakley et al., 2006). As assessed in 

several studies, 3-month-old 5xFAD mice are still not cognitively impaired (Liu et al., 2015; Xiao et 

al., 2015), whilst early cognitive alterations appear at 6-7 months of age (Lee et al., 2019). Greater 

cognitive impairment is determined in this mouse model at 9-10 months (Schneider et al., 2014), 

coinciding with synaptic degeneration and neuronal loss (Esquerda-Canals et al., 2017; Oakley et 

al., 2006; Spangenberg et al., 2016). Given the early neuropathological alterations and the 

subsequent functional and behavioral disorders, 5xFAD mice are considered a very suitable model 

to study AD (Gurel et al., 2018; Schneider et al., 2014).  

 

Therefore, to further understand the mechanisms involved in the alterations of DCV secretory 

markers observed in human AD cortical tissues and CSF, experiments have been performed in WT 

and 5xFAD mice at 3, 6 and 12 months of age, as a screening from very early to more advanced 

stages of the amyloid pathology. Overall, we have found that 5xFAD mice apparently recapitulate 

hippocampal glial reactivity at 6 and 12 months in an age-dependent manner. These results are in 

line with previous investigations reporting increased expression of astrocyte and microglial 

reactivity markers (i.e. GFAP and Iba1) in the cerebral cortex of 5-, 6-, 10- and 12-month-old 5xFAD 

mice (Iram et al., 2016; Keaney et al., 2019; Kim et al., 2019; Mirzaei et al., 2016). Another recent 

study has also reported upregulation of microglial genes in transgenic mice from 8 to 15 months of 

age (Gatt et al., 2019). Additionally, we have also evidenced an age-dependent increase in 

hippocampal levels of GFAP and Iba1 in WT mice, in accordance with existing literature (Goodall et 

al., 2018), yet to a lesser extent than in their transgenic littermates. 
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Similarly, we have seen age-dependent rises in hippocampal CysC of 5xFAD and WT (at a smaller 

degree). Others have recognized increased CysC in cortical neurons of aging human brains, being 

generalized in AD patients (Deng et al., 2001; Levy et al., 2001). CysC and APP binding has also been 

confirmed for mouse tissue in vivo (Bai et al., 2008). CysC favors proteolytic elimination of 

autophagy products by lysosomes (Tizon et al., 2010), which is considered a protection mechanism 

against neurodegeneration (Nixon, 2013). In the light of our reported results, it is conceivable that 

early increases in CysC may be associated with its proposed neuroprotective role (Gauthier et al., 

2011). Remarkably, CysC neuroprotective characteristics may rely on two different routes: 

inhibition of the lysosomal cathepsin B and induction of autophagy by inhibition of the mammalian 

target of rapamycin (mTOR) (Mathews and Levy, 2016). Accordingly, increases in proteins of the 

lysosomal pathway (Kim et al., 2019) and upregulation of autophagy genes (Gatt et al., 2019) have 

been evidenced in 5xFAD mice from 3 months of age. 

 

Regarding DCV secretory proteins, our results have revealed decreased protein levels of neuronal 

DCV markers (i.e. PC1, PC2, CgA and CgB) in 12-month-old 5xFAD hippocampi. Similarly, decreased 

expression of PC1 has also been determined in the hippocampi of the triple transgenic mouse 

model for familial AD (3xTg-AD) at 14 months of age (Abolhassani et al., 2017; Hokama et al., 2014). 

In APP transgenic mice, however, no significant changes in total levels of CgA, CgB and SgII were 

observed at 12 months, despite positive co-immunolabeling for all three DCV markers and Aβ at 6 

months (Willis et al., 2008). Differently, we found maintained levels of CPE, yet with a slight 

tendency to increase, in the hippocampi of 12-month-old 5xFAD mice, which is probably attributed 

to its presence in both neuronal and astrocyte DCVs. Comparable results regarding total amount of 

CPE were previously obtained in both APP/PS1 mice and AD brains (Plá et al., 2013). 

 

Our results evidencing less DCV secretory markers in the hippocampi of aging 5xFAD mice could be 

associated with synapse loss, as we have also determined a reduction of Syp in 12-month-old 

transgenic mice. Loss of pre- and postsynaptic markers as Syp, syntaxin and PSD-95 were early 

described to age-dependently develop in the 5xFAD model from 9 months of age (Oakley et al., 

2006). Decreased Syp immunolabeling has long been considered a hallmark of AD pathology greatly 

associated with cognitive impairment (Terry, 2000). Although some studies have stated invariable 

levels of Syp in APP23 mice, even when strong Aβ depositions were evidenced, Syp generally age-

dependently decreases in PDAPP and PSEN1 single transgenic mice (Duyckaerts et al., 2008).  
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More recently, a decline in metabotropic glutamate receptors has also been reported in 9-month-

old 5xFAD mice compared to transgenic mice at 3 months of age (Lee et al., 2019). Deficiencies in 

cortical plasticity have been described at 6 months of age in the 5xFAD mouse model, which suggest 

that synaptic alterations may be initial steps in neurodegeneration and neuronal death processes 

occurring in FAD (Buskila et al., 2013; Crouzin et al., 2013). Considering that neuronal loss has been 

observed in deep cortical layers of 5xFAD mice at 9 months (Ali et al., 2019), it might be another 

plausible explanation for our described decline in DCV markers. However, loss of neurons is mild or 

absent in single transgenic (e.g. PDAPP and Tg2576) and only moderately evidenced in double 

transgenic (e.g. APP/PS1 and 5xFAD) mice (Duyckaerts et al., 2008). Hence, as neuronal loss is in 

best of the cases discrete in transgenic mice, it is unlikely to be the most reasonable hypothesis.   

 

Given that increases in ER stress have not been proven in 5xFAD mice (Sadleir et al., 2018), general 

decreases in protein synthesis are also improbable to explain the decline of DCV secretory proteins 

in 12-month-old 5xFAD mice. Nevertheless, downregulation of certain DCV-related genes (i.e. PC1 

and SgII) has recently been reported in 5xFAD mouse brains at 8, 11 and 15 months (Gatt et al., 

2019). As protein levels of PC1 are maintained at 6 months and only decrease at 12, the effect of 

downregulation would be initially not evidenced, which suggests the existence of AD specific 

alterations in the secretory pathway (e.g. vesicle transport or release) leading to DCV accumulation.  

 

Additionally, we have found many DCV-cargos (i.e. PC2, CgA, CPE) increased in the hippocampi of 

5xFAD mice at early stages (3-6 months) compared to WT of the same age. Consistently, PC2 

upregulation was reported in 6-month-old tau transgenic mice (Maphis et al., 2017). As other DCV-

associated genes were also upregulated in 3-month-old 5xFAD and later downregulated (Gatt et 

al., 2019), the existence of initial compensatory mechanisms induced by early synaptic failures 

before reaching a later stage of decompensated function may be suggested (Arendt, 2009; 

Brinkmalm et al., 2014; Crowe and Ellis-Davies, 2014; DeKosky and Scheff, 1990; Duits et al., 2018; 

Öhrfelt et al., 2016). Finally, our analyses of hippocampal DCV secretory markers have revealed 

several age-dependent decreases not only in 5xFAD but also in WT. Accordingly, alterations in the 

peptidergic secretory pathway (i.e. vesicle transport and fusion) have been linked to age-associated 

cognitive decline, suggesting that physiological aging may also interfere in different features of DCV 

release (Deák, 2014; Zanin et al., 2011).  
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As DCV proteins were globally decreased in the hippocampi of 12-month-old 5xFAD mice, and 

considering that DCVs preferentially fuse at synapses (Persoon et al., 2018), we next questioned 

whether similar alterations occurred in nerve terminals. A large body of knowledge on synapses has 

been acquired from studies on synaptosomes, which are functional preparations of synaptic 

contacts containing resealed presynaptic structures and post-synaptic fragments (Bai and 

Witzmann, 2007; Morciano et al., 2009; Whittaker, 1993). Moreover, synaptosomal fractions 

contain other synaptic and non-synaptic neuronal and glial compounds (Biesemann et al., 2014).  

 

Consequently, synaptosomes from 3- and 12-month-old WT and transgenic mice display astrocyte 

markers as GFAP, in line with other research (Venturini et al., 2019). In fact, flow cytometry analyses 

of crude synaptosomal fractions proved that GFAP labeled 35% of the particles (Gylys et al., 2000). 

Other glial markers are also found in synaptosomes, such as astrocyte glutamate transporters, 

which are widely used to study astroglial contributions to neurotransmission (Biesemann et al., 

2014; Perego et al., 2000; Petr et al., 2015). As the astrocytic phenotype is influenced by microglia 

in physiology and pathology (Jay et al., 2019; Liddelow et al., 2017), microglial presence was 

examined in our synaptosomal fractions. Unexpectedly, we only detected the microglial marker 

Iba1 in synaptosomes from 12-month-old animals, not at 3 months, suggesting that astroglial and 

microglial processes may differently associate with synapses over time (Gajera et al., 2019).  

 

Synaptosomal preparations have also been extensively used in AD research (Cefaliello et al., 2019; 

Fein et al., 2008; Gylys et al., 2004; Sheng et al., 2019; Wang et al., 2016b). In 5xFAD synaptosomes 

GFAP and Iba1 immunodetection increased at 12 months, in line with the augmented levels in brain 

homogenates of both markers reported in our study and by others (Gatt et al., 2019; Kim et al., 

2019). Rises in gliosis were similarly described in synaptosomes from AD patients (Gylys et al., 2004) 

and GFAP was found oxidized in synaptosomes treated with Aβ, thus contributing to synaptic 

disruption and energy metabolism impairment (Boyd-Kimball et al., 2005). Accordingly, 

synaptosomal mitochondrial dysfunction has been recently evidenced in 5xFAD mice and in 

transgenic rats (Adami et al., 2017; Wang et al., 2016b). Moreover, as microglia mediates synaptic 

pruning in development and synapse loss in AD (Hong et al., 2016), augmented Iba1 in transgenic 

synaptosomes further strengthens their participation in synaptic degeneration. Of note, the 

microglial receptor TREM2 induces early synaptic impairment in APP/PS1 mice and has been 

identified as a risk factor for AD in humans (Sheng et al., 2019; Sims et al., 2017).  
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When examining CysC, we evidenced its presence in mouse synaptosomal preparations even 

though it was more abundant in cortical homogenates, in line with its expected localization (Deng 

et al., 2001). Cysteine protease inhibitors were earlier detected in synaptosomal fractions from rat 

brains (Marks et al., 1988). More recently, cystatin B (CysB) has been reported to be locally 

synthesized at synaptosomes, altogether suggesting an involvement of cysteine protease inhibitors 

in synaptic plasticity (Penna et al., 2019). Furthermore, we have reported elevated CysC in 

synaptosomes from 12-month-old 5xFAD mice, in accordance with increased hippocampal levels 

described in our study and by others in AD (Gauthier et al., 2011; Kaur and Levy, 2012). 

 

As SVs are the main presynaptic organelles, vesicle-membrane proteins as Syp are useful to 

determine synaptic enrichment in synaptosomal preparations (Bai and Witzmann, 2007). The 

presynaptic proteome further includes cellular adhesion proteins, mitochondria, endosomal 

organelles and proteins controlling the arrangement of presynaptic terminals (Biesemann et al., 

2014; Morciano et al., 2009; Witzmann et al., 2005). Moreover, DCV-cargos as BDNF and its 

receptor TrkB are also detected in murine synaptosomal preparations (Fawcett et al., 1997; 

Jovanovic et al., 2000; Schrimpf et al., 2005). We have found generally reduced levels of Syp in 

synaptosomes from 12-month-old 5xFAD mice, consistently with the previously reported synapse 

loss in these mice here and in other studies (Buskila et al., 2013; Crouzin et al., 2013; Crowe and 

Ellis-Davies, 2014; Schneider et al., 2014). However, invariable levels of neuronal DCV secretory 

markers (convertases and chromogranins) in both hippocampal and cortical neuronal terminals of 

5xFAD mice at 12 months have been determined in the present study. 

 

Because DCV secretory markers are reduced in hippocampal homogenates and maintained in 

neuronal terminals, whereas Syp is reduced in both tissue homogenates and synaptosomes, 

synapse loss is unlikely to be responsible for the reported DCV alterations in 12-month-old 5xFAD 

mice. In contrast, we hypothesize that DCVs may be accumulating at the terminal level possibly as 

a result of a secretion impairment occurring in transgenic mice. As BDNF-TrkB signaling is necessary 

for an appropriate glutamatergic and GABAergic neurotransmission (Canas et al., 2004; Carmona 

et al., 2003), retention of DCVs and subsequent decreased BDNF release could have a negative 

impact on synaptic transmission. Accordingly, TrkB has been reported to be reduced in 

synaptosomes of APP/PS1 transgenic mice at 10 months, probably contributing to synaptic 

dysfunction (Ahmad et al., 2018).  
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Previous research described impaired axonal BDNF retrograde trafficking in Tg2576 transgenic mice 

(Poon et al., 2011). Our results suggest that similar rates of DCV transport seem to be maintained 

in transgenic mice compared to WT. Nonetheless, as dysregulations in local protein synthesis have 

been described in brain synaptosomes of APP transgenic mice (Cefaliello et al., 2019), and 

presynaptic synthesis of certain proteins has been reported to control neurotransmitter release 

(Younts et al., 2016), alterations in local protein synthesis might also indirectly affect DCV release. 

All in all, dysregulations in DCV secretion may contribute to AD neuropathology, as similarly 

proposed in recent investigations (Ginsberg et al., 2019). 

 

DCV secretory markers in the CSF of the 5xFAD mouse model of familial AD 

To further investigate whether alterations of DCV secretory markers observed in the brain 

and neuronal terminals of 5xFAD mice could be associated to secretion impairments, analyses have 

been performed in the CSF of WT and 5xFAD mice at 3, 6 and 12 months of age. Since DCV proteins 

are abundantly expressed throughout the CNS (Vázquez-Martínez et al., 2012), variations in 

peptidergic secretion may be well reflected in the CSF, as it directly interacts with the extracellular 

milieu of the brain (Johanson et al., 2008). Thus, we have optimized a very consistent protocol to 

collect relatively great volumes of mouse CSF devoid of blood contamination, following previously 

reported methods with slight adjustments (DeMattos et al., 2002; Lim et al., 2018; Liu and Duff, 

2008). After visual inspection and centrifugation, CSF samples have been screened for elevated IgM 

levels as an evidence of blood presence, since IgM is a large molecule usually found in very low 

concentrations in the CSF (Reiber, 2016). Similar approaches were previously implemented using 

apoB100, a protein enriched in the plasma and virtually absent in the CNS (DeMattos et al., 2002). 

 

For CPE and PC2, no statistically significant differences have been observed in the CSF of 5xFAD 

mice compared to WT at any age. However, both proteins are significantly reduced in the CSF of 

12-month- compared to 3-month-old 5xFAD mice. A similar age-dependent reduction is also 

evidenced, yet to a lesser extent, for PC2 in WT. Differently, CysC significantly increases in the CSF 

of 5xFAD mice at both 6 and 12 months compared to WT at each age. A significant age-dependent 

rise in CysC levels is also demonstrated in 12-months compared to 3-months 5xFAD samples. These 

results are in line with the recently reported age-dependent reduced expression of neuronal-

specific genes in both WT and 5xFAD mice and the enhanced expression of inflammatory-related 

genes occurring in an age-dependent manner in the transgenic group only (Gatt et al., 2019). 
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Because of our reported decline of DCV secretory markers in the brain and maintenance in neuronal 

terminals of 12-month-old 5xFAD mice, we expected levels of DCV proteins would be also reduced 

in the CSF of 12-month transgenic mice in comparison to their WT littermates. However, and 

contrary to our results in AD patients, DCV proteins are maintained with only a slight tendency to 

decrease in the case of the neuronal-specific PC2. We hypothesize that DCVs may be accumulating 

at the terminal level as a result of a probable secretion impairment, which might not be fully 

evidenced in the CSF due to several plausible reasons.   

 

For instance, dysfunctions of the blood-CSF barrier have been reported in several transgenic mouse 

models of AD, causing an impaired clearance of diverse molecules from the CSF (González-Marrero 

et al., 2015). CSF outflow from the brain is mediated by the arachnoid villi which, together with the 

meningeal and olfactory lymphatics, drain into the peripheral lymphatics (Johanson et al., 2008). 

5xFAD mice display significant alterations in CSF outflow that have been attributed to lessened 

peripheral lymphatic function and contribute to AD pathogenesis (Kwon et al., 2019). Hence, it may 

be reasonable that the expected reductions in DCV secretory proteins in the CSF of 5xFAD mice at 

12 months are not becoming apparent as a result of such impaired CSF outflow.  

 

In addition to the reduced CSF drainage, dysfunction of the BBB has also been claimed responsible 

for rises in CSF protein concentration (Asgari et al., 2017). However, BBB disruption is unlikely to be 

the most plausible explanation for our results, as passage of molecules has been evidenced to be 

equally low in AD transgenic mice compared to WT, suggesting that BBB stability is maintained even 

with Aβ pathology (Gustafsson et al., 2018). In fact, another recent study has reported that the BBB 

of aging 5xFAD mice is intact compared to controls of the same age (Matsubara et al., 2018). 

Nevertheless, similar research performed only in control ageing mice has demonstrated age-

dependent BBB dysfunctions (Goodall et al., 2018). 

 

As DCV are broadly localized in neurons throughout the brain (Vázquez-Martínez et al., 2012), DCV 

secretory proteins reaching the CSF may primarily originate in neurons, even though other possible 

cellular origins may be considered. In fact, as evidenced here and in previous studies, some DCV 

markers are also expressed and released in astrocytes (Paco et al., 2010; Plá et al., 2017). Moreover, 

ependymal cells, modified ependymal cells of the choroid plexus and tanycytes contributing to CSF 

protein composition might not be discarded (Johanson et al., 2008; Marques et al., 2007).  
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There is a large number of investigations currently seeking for synaptic alterations in the CSF of AD 

patients that can be used as disease biomarkers (Brinkmalm et al., 2014; Falgàs et al., 2019; 

Lewczuk et al., 2017; Molinuevo et al., 2018; Sutphen et al., 2018). Recent research has described 

increased levels of neurogranin in the CSF of an early inducible mouse model of neurodegeneration 

as an evidence for synaptic degeneration (Höglund et al., 2020). However, there is a lack of other 

studies analyzing similar alterations in the CSF of mouse models of AD, which may be attributed to 

several causes, including the complexity of the surgical procedure, the limited collected volume of 

mouse CSF and the neuropathological differences existing between mouse models and human AD 

(Duyckaerts et al., 2008; Lim et al., 2018).  

 

In this direction, and as a main limitation of the present study, neurofibrillary tangle pathology is 

missing in the 5xFAD model, since mutations in tau are absent in these transgenic mice (Oakley et 

al., 2006; Stancu et al., 2014). Therefore, the relationship between tauopathy and DCV alterations 

evidenced here in AD patients could not be assessed in 5xFAD mice. Moreover, given that the 5xFAD 

strain is a quickly progressing transgenic model of FAD, the pathogenic alterations occurring in 

these mice might differ at some degree with the more gradually evolving lesions observed in SAD 

(Tible et al., 2019). Altogether, even though 5xFAD mice are considered a very suitable model to 

study AD (Gurel et al., 2018; Schneider et al., 2014), our results should be further corroborated and 

extended in another AD model. For instance, bigenic mouse models combining mutations in APP 

and tau would probably better recapitulate our observed alterations in AD patients (Chen et al., 

2016). Alternatively, the use of rat models of FAD would also be extremely advantageous, as their 

larger bodies simplify CSF extraction, enable the obtention of greater CSF volumes and display a 

more complex behavioural profile (Do Carmo and Cuello, 2013; Cohen et al., 2013). 

 

In summary, we have revealed alterations in the brain and CSF of the 5xFAD mouse model of AD 

during pathology progression. DCV proteins globally decreased in the hippocampi of 12-months 

transgenic mice and age-dependently decreased in the CSF. These results could be attributed to 

several causes, including changes in protein expression, synapse or neuronal losses. However, as 

their levels were invariable in hippocampal and cortical neuronal terminals, an impairment in 

secretion or an accumulation of DCV proteins at the terminal level, may be proposed as the more 

reasonable hypotheses.  
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Closing remarks 

The findings of the present dissertation have shed some light on the molecular mechanisms 

of AD pathogenesis, which could help in the development of new therapeutic and preventive 

strategies. Variations in CSF composition regarding DCV markers seem to reflect synaptic dysfunction 

and neurodegeneration and suggest the occurrence of disease-associated secretion impairments. As 

DCV-cargos are important for appropriate neuronal activity functioning and brain metabolism, 

alterations in DCV release may contribute to energy failure in neurons, probably resulting in synaptic 

dysfunction and impaired cognition (Abolhassani et al., 2017; Cawley et al., 2012; Cheng et al., 2014; 

Lin and Salton, 2013; Nakabeppu and Ninomiya, 2019). Moreover, astrocyte release of DCV-cargos 

has been reported as essential for neuronal morphology and synaptic plasticity (De Pins et al., 2019). 

Hence, yet validation in further research is needed, we suggest the participation of neuronal and 

astroglial DCV secretory proteins in the pathological progression of AD and propose their potential 

use as complementary biomarkers for tracking AD neurodegeneration and cognitive impairment.  
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CONCLUSIONS 

From the results presented in this dissertation it can be concluded that: 

 

1. Astrocyte peptidergic vesicles are heterogeneous and display variable release after Ca2+-

mediated stimulation, which is modulated in proinflammatory conditions in vitro and in situ. 

 

2. Unstimulated astrocytes slightly retain and rapidly release secretory proteins in vitro, which is 

independent of spontaneous Ca2+ oscillations but critically relies on intracellular Ca2+.  

 

3. In advanced AD brains, DCV secretory markers accumulate in dystrophic neurites and GVD 

bodies. Since GVD is an early event in tau-pathology progression, alterations of DCV proteins 

may be associated to tauopathy and neurodegeneration in AD. 

 

4. Secretory proteins of DCVs globally decay in the CSF of early AD patients. As a correlation exists 

between PC2 and the core AD biomarker t-tau and the MMSE score, an association with 

neurodegeneration and cognitive decline may be anticipated. 

 

5. In the 5xFAD mouse model of familial AD, secretory markers of DCVs are initially increased and 

later decreased in cortical areas, maintained in neuronal terminals, and age-dependently 

declined in the CSF. 

 

6. Since alterations in DCV secretory proteins are evidenced in AD patients and transgenic mice, 

their participation in the pathological progression of AD and their potential use as disease 

biomarkers is proposed.   
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