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!ōǎǘǊŀŎǘ 

Major depressive disorder (MDD) is a globally spread and complex neuropsychiatric 

disorder. The neurobiological underpinnings of MDD are a current matter of study. The 

strong heterogeneity of its clinical manifestations and the lack of response in some 

patients make the identification of new targets and the generation of novel treatments 

an important issue for the treatment of MDD. Therefore, the aim of this thesis was to 

contribute to the discovery of new targets for antidepressants (ADs) to improve MDD 

treatment. Recently, it was shown in post-morten tissue of MDD patients that the number 

of glial cells is reduced, accompanied by atrophy of neuronal cells and decreased volume 

of the prefrontal cortex (PFC). Neuropsychiatric disorders also display disrupted synaptic 

communication and neuronal connectivity, which are reversed by ADs. Following the 

hypothesis that a dysregulation in the communication between glial cells and neurons is 

one of the key factors underlying the development of MDD, I aimed to see the effects of 

astrocytes on synapse homeostasis upon the effect of ADs.  

I focused my study on the PFC and hippocampal areas, hence these areas are known to 

be highly involved in mood disorders. For examining cell-type specificity, I performed 

both in vitro and ex vivo experiments from naïve animals in order to not interfere with 

other physiological changes produced by the disease itself. In the present study, I could 

observe a reduction in excitatory synaptic densities in vitro, after 48h continuous AD 

treatment, when neurons were growing in the presence of cortical astrocytes but not 

when hippocampal astrocytes were present. In the absence of astrocytes or in the 

presence Astrocyte-Neuron Conditioned Media such effects were not seen, suggesting 

that a membrane-bound protein might have mediated those effects. Ex vivo experiments 

also revealed a reduction of synaptic markers in the adult rat PFC after short-term 

treatment with ADs, but not in other areas such as CA1 and CA3 of the hippocampus. 

Astrocytes could mediate this fast AD action as there are closely associated to synapses. 

For these reasons, MEGF10 receptor was studied. This molecule is a transmembrane 

receptor that participates in synapse elimination mostly during development. Indeed, 

treatment with ADs for 48 hours (h) triggered an increase in MEGF10 expression in the 

adult rat PFC and in primary cultured astrocytes. Therefore, the reduction in the number 

of synaptic densities I observed could be explained by an astrocyte-dependent 
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remodelling of synapses following acute AD treatment. In support of this hypothesis, the 

downregulation of MEGF10 was sufficient to block ADs effects, thus no reduction in 

synaptic densities was observed. Taken together, these data suggest that MEGF10 could 

be a potential novel candidate to develop alternative treatment options for diseases 

characterized by synaptic aberrancies, such as MDD.  

Moreover, it is important to understand which major changes are produced in disease 

conditions. Therefore, part of this thesis aimed to demonstrate the neurobiological basis 

of the heterogeneity found in depression, using two different animal models with a 

depressive-like phenotype (HAB, High Anxiety like Behaviour rat and WK, Wistar Kyoto 

rat). Differences in the number of synaptic densities and in the morphology of neurons 

have been found in HAB and WK compared to control animals. Finally, further studies 

should reveal the contribution of MEGF10 to such changes and how a pharmacological 

treatment may help to re-establish some of those changes. 

  



   

 

мΦ LƴǘǊƻŘǳŎǘƛƻƴ 

1.1 Major depressive disorder  
 

Major depressive disorder (MDD) is a psychiatric disorder that affects 264 million people 

worldwide, according to the data set by the World Health Organization (WHO). 

Moreover, this number has increased in more than 18% between 2005 and 2015 (WHO, 

2017). In general, neuropsychiatric disorders account for 19.5% of the burden of disease 

in the European Region. The cost of mood disorders and anxiety in the European Union 

ƛǎ ŀōƻǳǘ мтлϵ ōƛƭƭƛƻƴ ǇŜǊ ȅŜŀǊΦ 5ŜǎǇite this fact, about 50% of major depressions are 

untreated (WHO, 2012) and current pharmacotherapies help many patients, but there 

are still high rates of a partial response or no response to antidepressant therapies. MDD 

is characterized by depressed mood or dysphoria, but in addition to this core experience, 

there are several other symptoms, including loss of interest in activities, sleep and 

appetite changes, guilt and hopelessness, fatigue, restlessness, concentration problems, 

and suicidal thoughts (Kanter et al., 2008). Clinicians find a standard criteria for the 

classification of mental disorders ƛƴ ΨΩ¢ƘŜ 5ƛŀƎƴƻǎǘƛŎ ŀƴŘ {ǘŀǘƛǎǘƛŎŀƭ Manual of Mental 

5ƛǎƻǊŘŜǊǎΩΩ ό5{aύΣ ǇǳōƭƛǎƘŜŘ ōȅ ǘƘŜ !ƳŜǊƛŎŀƴ tǎȅŎƘƛŀǘǊƛŎ !ǎǎƻŎƛŀǘƛƻƴ (Kanter et al., 2008). 

The criteria to categorize the state and severity of depression are based on a diagnostic 

interview by the psychologist, indicating that this diagnosis is not based on concrete 

pathophysiological evidences. Improving treatment of depression requires properly 

organized treatment programs, regular patient follow-up and monitoring of treatments 

(Schulberg et al. 1998). Understanding the pathophysiology of depression is necessary, 

given the clinical heterogeneity of MDD, to obtain a more individual treatment response 

and novel treatment strategies (Heshmati and Russo, 1993). 

 

1.1.1 Susceptibility to depression 
 

A variety of genetic, epigenetic, endocrine and environmental factors may be risk factors 

of this disease (figure 1 from Duman et al. 2016). For example, susceptible individuals 

exposed to traumatic or stressful life events may develop depression. Among the factors 

https://en.wikipedia.org/wiki/Classification_of_mental_disorders
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that can trigger a depressive phenotype are: an abnormal function of the hypothalamic-

pituitary-adrenal (HPA) axis, neurotrophic factors, sex steroids, and metabolic and/or 

inflammatory cytokines that can lead to alterations in neurotransmitters, intracellular 

signalling, gene transcription, and epigenetic changes that can contribute to short-term 

and long-lasting imbalances of neuronal function and behaviour. These systems lead to 

an increased incidence of depression, as well as to comorbid illnesses (Duman et al. 2016). 

 

 
Figure 1. Factors influencing susceptibility to depression. The heterogeneity of depression 

results from one or more pathological determinants. Activation of the HPA axis and cortisol, the 

innate immune system and inflammatory cytokines, fluctuations of ovarian steroids, the 

gastrointestinal system, adipose tissue and related peptides, the microbiome, the cardiovascular 

system and gene polymorphisms may influence vulnerability (from Duman et al. 2016). 
 

 

1.2 Neurocircuitry of depression: brain areas implicated in depression 

 
Variations in hormones levels and the stress response have been studied in patients with 

a depressive phenotype. Abnormalities in the HPA axis have been analysed by 

psychiatrists and researches in order to understand the biology of depression. The HPA 

axis consists of a feedback circuits including the hypothalamus, pituitary and adrenal 

glands (figure 2). The hippocampus, amygdala, bed nucleus of the stria terminalis and 
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paraventricular nuclei (PVN) also participates in the regulation of this axis. During stress, 

the HPA axis is activated (Varghese and Brown, 2001). The hypothalamus secretes two 

hormones ςcorticotropin-releasing hormone (CHR) and arginine vasopressin (AVP)- that 

act on the pituitary to increase the release of adrenocorticotropin hormone (ACTH) that 

will be carried to the blood circuitry to interact with receptors on adrenocortical cells that 

finally will stimulate the release of cortisol in humans or corticosterone in other animals. 

Cortisol levels will influence the pituitary and hypothalamus and with this negative 

feedback the loop is completed (Varghese and Brown, 2001). 

Elevated levels of cortisol have been found in depressive patients, this is the reason why 

those elevated levels may be involved in the etiology of mood disorders. Increased CHR 

levels after stressful events ςi.e. maternal deprivation- or in experimental conditions 

when this hormone is administered to animals, give rise to a depressive phenotype 

(Varghese and Brown, 2001). 

 

 
 

Figure 2. Hypothalamic-pituitary-adrenal (HPA) axis and regulation (from Varghese and Brown, 

2001). 

 

The hippocampus is another brain structure that has been extensively studied due to its 

implications in depression and with regard to the actions of stress and antidepressant 

actions in this area (Czeh et al. 2001). This structure plays a critical role in learning and 
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memory (Sapolsky, 2015). Some imaging studies in humans have revealed that the 

hippocampus undergoes selective atrophy by reducing its volume in stress-related 

neuropsychiatric disorders (Czeh et al. 2001). 

Other areas that integrates sensory information in humans are the orbital PFC, the medial 

PFC (mPFC) and the infralimbic PFC in rodents. These areas integrate information and 

modulate visceral reactions that are related to emotional processes through multiple 

outputs to other brain regions (Duman et al. 2016), like hippocampus, nucleus 

accumbens, ventral tegmental area and amygdala (AMY), that are part of the mesolimbic 

reward circuit together with the PFC (Heshmati and Russo, 1993). In patient with mood 

disorder, the medial prefrontal network and related regions have been shown to contain 

alterations in gray matter volume, cellular elements, neurophysiological activity, receptor 

pharmacology (Price and Drevets, 2010). 

 

1.3 Etiopathogenesis of depression 
 

Many studies have tried to explain the etiology of depression (figure 3). These are some 

of the hypothesis: 

 
i. Monoamine hypothesis. Monoamines are neurotransmitters that contain one amino 

group connected to an aromatic ring by a two-carbon chain, some monoamines in the 

brain are serotonin, noradrenaline and dopamine. Some neurons that use monoamine 

neurotransmitters, are involved in the regulation of processes such as emotion. Under 

pathological conditions, like MDD there is a deficiency of brain monoaminergic activity. 

Different antidepressants work by increasing the availability of brain monoamines 

(Elhwuegi 2004). 

ii. Glutamatergic hypothesis. Dysfunction of glutamatergic neurotransmission is 

increasingly considered to be a core feature of stress-related mental illnesses. Both 

stressors/glucocorticoid treatments acutely increase glutamate release in some brain 

areas as PFC and amygdala. For example, in vivo microdialysis studies have shown that 

exposure of rats certain stress: tail-pinch, restraint- or forced-swim stress induces a 

marked and transient increase of extracellular glutamate levels in the PFC (Popoli et al. 

2012). 
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iii. Neurotrophic hypothesis. MDD results from decreased neurotrophic support, leading to 

neuronal atrophy, decreased hippocampal neurogenesis and loss of glial cells. 

Antidepressant treatment blocks or reverses this neurotrophic factor deficit, and thereby 

reverses the atrophy and cell loss. Some studies have demonstrated that stress and 

depression decrease brain-derived neurotrophic factor (BDNF) expression and function 

in the PFC, hippocampus and in the blood of subjects with depression. It is known that 

BDNF infusion is sufficient to produce an antidepressant response in animal models, and 

that BDNF is required for a response to antidepressant treatment (Duman and Li, 2012; 

Duman et al. 2016)  

iv. Immunological hypothesis. The body activates an immune response against a threat to 

ǘƘŜ ǎǳōƧŜŎǘΩǎ ǎŜƭŦ-esteem. Stressors are known to activate key inflammatory pathways in 

peripheral blood, e.g. increasing circulating levels of pro-inflammatory cytokines, like 

interleukin-6 (IL-6). On the contrary, the greater the inflammatory response to a 

psychosocial stressor, the more probable the subject is to develop depression over time. 

In this way, individuals at high risk of developing depression (for example, e.g. after early-

life trauma) show increased inflammatory responses compared with low-risk individuals 

(Miller and Raison 2016). Normal brain function requires low levels of inflammatory 

cytokines, therefore elevated levels contribute to damage, atrophy and loss of spine 

synapses in response to stress and depression (R. S. Duman et al. 2016). 

v. Glia cell hypothesis. Reduction in astrocytic proteins ς glial fibrillary acidic protein 

(GFAP), connexins (Cx), aquaporin 4 (AQP4), glutamate transporter (GLT) and glutamine 

synthetase (GS)- in frontolimbic brain areas from depressive people in postmorten studies 

revealed that glial cell disruptions can be implicated in MDD. Moreover studies with 

animal models and imaging studies of patients with depression have shown that glial 

dysfunction is implicated in the pathophysiology of MDD and decreased astrocytic 

function is necessary and sufficient to trigger depressive symptoms (Rial et al. 2016).  
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Figure 3. Scheme of some hypothesis of depression. In each plot there is a summary of the most 

characteristic changes found in samples from MDD samples or animal models (Katarzyna 2015).  

 

1.4 Cellular changes in depressive disorder 
 

Some studies have elucidated the pathophysiology of mood disorders, providing 

evidence for cell atrophy and loss in relevant limbic brain structures. Some of the cellular 

changes that have been found in limbic regions in depressive phenotype are the 

following. Morphological studies that have been made after repeated stress in rodents, 

and brain imaging and post-mortem studies from people suffering MDD demonstrate a 

reduction in the volume of hippocampus and PFC, and a reduction in the size or loss of 

neurons and glial cells (Liu and Aghajanian 2008; Duman and Li 2012). The influence of 

repeated stress on rats has been shown to produce dendritic atrophy pyramidal neurons 

in the mPFC, in particular decreased apical dendritic branch length and spine density in 

distal branches (Radley et al., 2005; Liu and Aghajanian, 2008). A retraction in dendritic 

material in CA3 area of the hippocampus was also found after chronic stress ςrisk factor 

for the later development of depression- (Christian et al. 2011). Inhibition of 

neurogenesis in the adult hippocampus or loss of preexisting hippocampal neurons after 

neurotoxicity has been described (Sapolsky, 2001). In depressed subjects it has been 
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observed a hippocampal volume reduction that can be partially explained by dendritic 

retraction and reduced cell proliferation that has been found in animal models (Czeh et 

al. 2001). 

The impairment of several glial functions are likely to contribute to the pathophysiology 

of depression. Astrocytes have been found to be modified in frontolimbic regions, and 

those changes are associated with depression. Most studies analysed post-mortem brain 

samples from adult individuals with major depressive disorder conclude that there is a 

decreased number of astrocytic-like elements in those areas, an alteration of astrocytic 

morphology and density of different astrocytic markers, such as GFAP, S100 calcium-

binding protein ̡  (S100̡ ύ, Cx, AQP4, etc (Rial et al. 2016). Other studies propose that 

microglia are morphologically altered in frontolimbic regions of depressed patients with 

hypertrophic cell bodies (Rial et al. 2016). On the other hand, MDD patients do not 

present prominent astrogliosis or glial scar formation (Dossi, Vasile, and Rouach, 2018). 

It is still a matter of discussion whether the altered number and morphology of glial cells 

may be the cause or consequence of glial dysfuction in mood disorders.  

 

1.5 Astrocytes 
 

Astrocytes are defined as a highly heterogeneous class of neural cells of ectodermal, 

neuroepithelial origin that sustain homeostasis and provides for defence of the central 

nervous system (Verkhratsky et al. 2017). Astrocytes were first described by Virchow in 

1846 and were originally thought to be cells which function to support neurons (Chaboub 

and Deneen 2012). For many years astrocytes were considered to be passive supporters 

of neurons but nowadays they are known to play an important role in the brain being an 

important component of the tripartite synapse. This definition refers to their interaction 

with neurons and their participation in the regulation of synaptic neurotransmission 

(Araque et al. 1999). In the human neocortex astrocytes accounts for 20%ς40%, 

oligodendrocytes for 50%ς75% and microglia for 5%ς10% of the total glial population. 

The total number of astrocytes in rodents is around 10ς20% of total cells in the brain 

(Verkhratsky et al. 2017). Astrocytes are closely associated with synapses, it is estimated 

that a single human astrocyte may contact and integrate around 2 million of synapses 
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residing in their territorial domains, whereas rodent astrocytes cover 20.000ς120.000 

synaptic contacts (Verkhratsky et al. 2017).  

 

1.5.1 Origin of astrocytes 

 
The embryonic neuroepithelium is composed of a heterogeneous mix of progenitors that 

produce different neural subtypes within specific spatiotemporal boundaries. During 

embryonic development, radial glia cells (RG) derived from the neuroepithelium are the 

primary neural stem cells that produce neurons and glia throughout the brain (figure 4). 

Astrocytes are first detected around embryonic day 16 (E16), however, the vast majority 

of astrocytes are produced during the first month of postnatal development (Bayraktar 

et al. 2019). 

 

Figure 4. Heterogeneity of astrocytes and their origin. Production and final positioning of the 

astrocytes during development. Arrows with solid lines indicate the cell lineages confirmed by 

lineage tracing experiments. Arrows with broken lines show the hypothetic cell lineages by 

histological investigations. E, embryonic day; P, postnatal day; GM, grey matter; WM, white 

matter; M, meninges or pia matter; PPL, primordial plexiform layer; VZ, ventricular zone; SVZ, 

(embryonic or postnatal) subventricular zone; IZ, intermediate zone; CP, cortical plate; BV, blood 

vessel (Modified from Tabata, 2015) 
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1.5.2 Neurogenesis, astrogenesis and synaptogenesis 
 

In the cortex neurogenesis is being produced before astrogenesis and synapses only begin 

to form after astrocytes have been generated, concurrent with neuronal branching and 

process elaboration. The generation of cortical neurons in mice begins at embryonic day 

(E10ς11). At birth (P0) cortical neurogenesis has finished, but it is not until postnatal day 

(P7) when the arrangement of neurons into defined cortical layers is completed. Then, 

the axons of newly generated neurons extend to find their future postsynaptic partners, 

and dendrites begin to form the protrusions that mark potential postsynaptic sites, after 

their interaction synapses will be formed (Farhy-Tselnicker and Allen 2018). Astrocytes 

are generated from the same progenitor cells which gave rise to neurons at birth E18/P0. 

These progenitors undergo a potency switch from a neurogenic to a gliogenic 

differentiation program and differentiate into astrocytes (Miller and Gauthier, 2007; 

Farhy-Tselnicker and Allen 2018). Astrocytes, as they have mitotic properties, continue to 

expand in number through the end of the first month of life, stablishing then a mature 

morphology (with fine processes that will contact with neuronal synapses). Since then, 

they are set in particular, non-overlapping domains (Farhy-Tselnicker and Allen 2018). 

Although neurons send out projections before birth, synapses only begin to form during 

the first week of postnatal development, concurrent with the appearance of astrocytes, 

indeed very few synapses are formed in the absence of glial cells and the ones that are 

present are functionally immature (Ullian et al. 2001). Astrocytes play an important role 

in promoting synaptogenesis. The formation of chemical synapses begins during the first 

postnatal week, peaks at P14, and stabilizes at P21 to P28, concurrent with synapse 

elimination and the refinement of circuits (figure 5; Farhy-Tselnicker and Allen, 2018). 
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Figure 5. Overview of astrocyte, neuron and synapse generation and development in the rodent 
cortex. Timeline from neurogenesis, astrogenesis, synaptogenesis, maturation and stabilization 
of synapses. Timeline for astrocytes is marked red and for neurons in purple (Farhy-Tselnicker 
and Allen, 2018). 

 

1.5.3 Morphological characterization 
 

Identification and visualization of astrocytes in the nervous tissue relies on the 

morphological criteria and expression of specific markers (Verkhratsky et al. 2017). 

Astrocytes have been categorized into two broad morphologies: protoplasmic astrocytes, 

found in the grey matter, associated with both synapses and endothelial cells and directly 

participating in ǘƘŜ ΨƴŜǳǊƻǾŀǎŎǳƭŀǊ ǳƴƛǘΩΦ ¢ƘƻǎŜ ǇǊƻǘƻǇƭŀǎƳƛŎ ŀǎǘǊƻŎȅǘŜǎ ŜȄǘŜƴŘ ǘƘŜƛǊ 

processes near neurons and are known to be closely associated with synapses being 

responsible of modulating synaptic functions. The processes of two adjacent 

protoplasmic astrocytes are mutually exclusive, and occupy non-overlapping domains 

(Bushong et al. 2002). On the other hand, fibrous astrocytes, located in the white matter 

express higher levels of GFAP, with short and highly branched extensions, may participate 

in myelination but their functions need to be further studied (Chaboub and Deneen, 

2012).  
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1.5.4 Astrocytic markers and receptors 
 

A common approach to identify astrocytes is via the expression of diverse markers. Some 

of the markers include: GFAP, vimentin, S100̡ , glutamate transporters (excitatory amino 

acid transporters 1 and 2 (EAAT-1) and (EAAT-2); known in rodents as GLutamate 

ASpartate Transporter 1 (GLAST and GLT-1, respectively), GS, inward rectifying Kir4.1 

channels, water channels AQP4, Cx30 and Cx43, aldehyde dehydrogenase 1 family 

member L1 (ALDH1L1), fructose-1, 6-bisphosphate aldolase (or aldolase C), and 

transcription factor SOX9 (Verkhratsky et al. 2017). Intermediate filaments are a highly 

dynamic part of the cytoskeleton of cells and their expression is highly cell type specific. 

Astrocytes express 10 different isoforms of GFAP, together with vimentin, nestin, and 

synemin (Hol and Pekny, 2015). In the juvenile hippocampus anti-GFAP staining reveals 

80% of all astroglia whereas in other regions of the healthy brain only a 10-20% of cells 

are positive for GFAP (Verkhratsky et al. 2017). On the other hand, GFAP staining reveals 

only the main processes of astrocytes, with no labelling of perisynaptic and peripheral 

processes or small endfeet (part of the astrocytic processes that interact with blood 

vessels)Φ {мллʲ ƛǎ ŀƴƻǘƘŜǊ ŎƻƳƳƻƴƭȅ ǳǎŜŘ marker to label astrocytes; it is from the family 

of calcium binding proteins and usually labels 2ς3 times more astroglial compartments 

than GFAP. None of these markers, however, labels all astrocytes throughout the brain 

(Verkhratsky et al. 2017). The GLTπ1 and GLAST astroglial transporters are glutamate 

transporters mainly involved in maintaining physiological extracellular glutamate 

concentrations and protecting neurons against excitotoxicity (Perego et al. 2000). 

Astrocytes express all receptors of the major neurotransmitters including glutamatergic, 

GABAergic ( -ɹaminobutyric acid), adrenergic, purinergic, serotonergic muscarinic and 

opioid receptors. Other receptors for growth factors, chemokines, and steroids have also 

been found in astrocytes (Porter and Arthy 1997). Receptors that mediate phagocytosis 

are also found in astrocytes: Multiple EGF-like-domains 10 (MEGF10) and Proto-

oncogene tyrosine-protein kinase MER (MERTK) function as engulfment receptors by 

ǊŜŎƻƎƴƛȊƛƴƎ ΨŜŀǘ ƳŜ ǎƛƎƴŀƭǎΩΦ !ǎǘǊƻŎȅǘŜǎ ŀǊŜ ŀōƭŜ ǘƻ Ŝƴgulf synapses and debris during the 

development and in the adult mammalian nervous system (Chung et al. 2013). 
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1.5.5 Functions of astrocytes 
 

Astrocytes have different functions during the development to facilitate the formation of 

neural networks. Astrocytes are closely associated to neurons and synapses, they form 

the so called tripartite synapse (Araque et al. 1999). Neural circuits are stablished through 

a complex process of synaptogenesis, maturation and synaptic pruning (Bosworth and 

Allen, 2017). 

Astrocytes promote synaptogenesis. The differentiation and maturation of astrocytes 

occurs at the same time that synaptogenesis. During the second and third postnatal week 

astrocytes participate in the formation of excitatory synapses by secreting factors as 

thrombospondins (TSP), glypicans 4 and 6 (Gpc4 and Gpc6), Hevin and secreted protein 

acidic and rich in cysteine (SPARC)Σ ǘǳƳƻǊ ƴŜŎǊƻǎƛǎ ŦŀŎǘƻǊ ʰ ό¢bC-ʰύΣ ǘǊŀƴsforming growth 

ŦŀŎǘƻǊ ʲ ό¢DC-ʲΤ Farhy-Tselnicker and Allen, 2018). TSPs induce ultrastructurally normal 

synapses that are presynaptically active but postsynaptically silent. Astrocyte condition 

media (ACM) and the presence of astrocytes exhibits the same ability to induce synaptic 

puncta compared to the presence of neurons alone, furthermore TSP ςone of the factors 

released by astrocytes and present in the ACM- was sufficient to induce synapses (Ullian 

et al. 2001; Christopherson et al. 2005). Other astrocyte-secreted signals are Gpc4 and 

Gpc6. Those molecules are sufficient to induce functional synapses between retinal 

ganglion cell neurons by increasing the clustering and surface level of Glutamate receptor 

1 (GluA1) subunit of -hamino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor 

(AMPA) receptor thereby inducing the formation of postsynaptically functioning synapses 

(Allen et al. 2012). Hevin is sufficient to induce the formation of synapses between 

cultured retinal ganglion cells (RGCs) and SPARC is unable to induce synapse formation, 

but strongly inhibits Hevin-induced synapse formation in vitro (Kucukdereli et al. 2011). 

¢bCʰ ƛǎ ǇǊƻŘǳŎŜ ōȅ Ǝƭƛŀƭ ŎŜƭƭǎ ŀƴŘ ƛǎ ŀōƭŜ ǘƻ ŜƴƘŀƴŎŜ ǎȅƴŀǇǘƛŎ ŜŦŦƛŎŀŎȅ ōȅ ƛƴŎǊŜŀǎƛƴƎ ǎǳǊŦŀŎŜ 

expression of AMPA receptors, participating in the control of synaptic strength at 

excitatory synapses (Beattie et al. 2002). TGF-  ̡is secreted by glia and is expressed in the 

embryonic and postnatal brain during the synaptic period and induces the formation of 

functional synapses involving D-serine (Diniz et al. 2012). 

Astrocytes also support excitatory synaptic maturation. During development neural 

activity and synaptic competition induce the transition of immature filopodia to mature 
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stubby/mushroom spines. Hevin apart from being a synaptogenic factor, also assembles 

glutamatergic synapses by bridging neurexin-1  hand neuroligin-1 ,̡ two isoforms that do 

not interact with each other, this modulation in the adhesion of these proteins is critical 

for the formation and plasticity of thalamocortical connections in the developing visual 

cortex (Singh et al. 2016). Astrocytes synthesize cholesterol that contributes to the 

refinement and maturation of hippocampal synapses by enhancing the efficacy of 

synaptic transmission at glutamatergic presynaptic terminals (van Deijk et al. 2017). The 

synthesis of cholesterol is elevated during the peak of synaptogenesis under the control 

of sterol regulatory element binding proteins (SREBPs). It was seen that diminishing 

SREBP activity in mouse astrocytes ςby deletion of SREBP cleavage-activating protein 

(SCAP)- resulted in decreased cholesterol and phospholipid secretion by astrocytes. 

Moreover, SCAP mutant mice showed more immature synapses, lower presynaptic 

protein SNAP-25 levels as well as reduced numbers of synaptic vesicles, indicating 

impaired development of the pre-synaptic terminal (van Deijk et al. 2017). 

 

1.6 Phagocytosis and MEGF10 receptor  
 

Astrocytes can contribute to the refinement of neural circuits through synaptic pruning. 

Astrocytes participate in the eventual elimination of synapses of redundant and 

nonspecific synaptic contacts in two ways. Astrocytes mediate pruning directly through 

phagocytosis and indirectly by mediating the neuronal expression of phagocytic markers 

recognized by microglia. Synapses are eliminated in order to refine neuronal circuits, 

inappropriate or weaker connections are tagged for elimination (Bosworth and Allen, 

2017). The elimination of synapses has been mostly studied in the developing visual 

system when astrocyte morphogenesis and maturation occur concomitantly with 

synaptic development. Stevens and colleagues showed that the classical complement 

cascade, which is part of the innate immune system, participates in synapse elimination. 

An astrocyte-derived signal triggers complement component 1q (C1q) upregulation in 

postnatal neurons and it is localized in synapses, following a protease cascade and finally 

leading to the deposition of the downstream complement component 3 (C3), that can 

directly activate C3 receptors on macrophages or microglia, thereby triggering 

elimination by phagocytosis. If C1q or C3 are absent in the brain of mice, those animals 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/innate-immunity
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/protease
https://www.sciencedirect.com/topics/neuroscience/complement-component-c3-receptor
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/macrophages
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/microglia
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/phagocytosis
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present large sustained defects in central nervous system (CNS) synapse elimination 

(Stevens et al. 2007).  

In the developing and adult brain, astrocytes are able to eliminate synapses through 

MEGF10 and MERTK pathways. Those molecules play critical role in synapse remodelling 

underlying neural circuit refinement (Chung et al. 2013). In a transcriptome data analysis 

for astrocytes, it was found that they are enriched in MEGF10 and MERTK genes, genes 

for phagocytic pathways in astrocytes, suggesting they are involved in phagocytosis 

(Cahoy et al. 2008). The phagocytic pathway were first described in Drosophila glia cells 

and Caenorhabditis elegans engulfing cells, where the orthologues of MEGF10 ςDraper 

and CED-1 respectively- meditates axon pruning or phagocytosis of apoptotic cells 

(MacDonald et al. 2006; Zhou, Hartwieg, and Horvitz, 2001), suggesting the cellular 

machinery promoting phagocytosis of corpses of apoptotic cells is well conserved from 

worms to mammals (figure 6). In nematodes, ced-1 encodes a transmembrane protein 

similar to human SREC (Scavenger Receptor from Endothelial Cells). The CED-1 protein is 

localized in the surface of cell membranes that senses cell death signals and recognizes 

neighbouring cell corpses, possibly by recognizing a phospholipid ligand on their surface. 

It also clusters at the phagocytic cups and initiates pseudopod extension. (Zhou, 

Hartwieg, and Horvitz 2001). CED-1-dependant phagocytosis involves other CED proteins 

(such as CED-6 helping to control the delivery of vesicles to phagocytic cups and 

phagosomes and CED-7 recognizing engulfment signals of cell corpses cognizing 

engulfment signals of cell corpses; Chen et al. 2009). In the olfactory system of flies, glia 

upregulate expression of the engulfment receptor Draper and undergo dramatic changes 

in morphology, and rapidly recruit cellular processes toward severed axons, after axonal 

injury is produced. In the draper mutants, the axons are not cleared properly due to glia 

fail to respond morphologically to axon injury (MacDonald et al. 2006). To activate Draper 

some other molecules participates in the pathway. Shark, a non-receptor tyrosine kinase 

binds Draper through an immunoreceptor tyrosine-based activation motif (ITAM) in the 

Draper intracellular domain. Moreover, the Src family kinase (SFK) Src42A can markedly 

increase Draper phosphorylation and is essential for glial phagocytic activity. In order to 

explain the signalling cascade it was proposed that ligand-dependent Draper receptor 

activation initiates the Src42A-dependent tyrosine phosphorylation of Draper, the 

https://www.sciencedirect.com/topics/neuroscience/eicosanoid-receptor


 Introduction  

25 
 

association of Shark and the final activation of the Draper pathway (MacDonald et al. 

2006). 

 

The function of MEGF10 requires other proteins, such as GULP1 (CED-6 ortholog) and 

ABCA1 (CED-7 ortholog; Chen et al. 2009). ABCA1 is an Adenosine triphosphate (ATP) 

binding cassette transporter. Hamon and colleagues proposed a model to explain the 

MEGF10-ABCA1 interactions. At the site of engulfment, ABCA1 molecules are activated, 

by yet unknown mechanisms, and then enter the catalytic cycle. The binding of ATP 

induces assembly into complex oligomers containing ABCA1 multimer. ATP hydrolysis at 

the nucleotide binging domain triggers local remodelling of lipid composition, such as the 

ABCA1 dependent externalization of phosphatidylserine and disassembly of the 

oligomeric complexes into individual components. This new membrane configuration 

could favour the shuttling of the components to MEGF10 in order to help in the 

engulfment function. Some cytoskeletal scaffolds like dynamin are able to drive MEGF10 

along the forming phagosome (Hamon et al. 2006). In other study, the expression of Jedi-

1 or MEGF10 in fibroblasts facilitated the engulfment of neuronal corpses, and by 

knocking-down either protein in glial cells or overexpressing truncated forms inhibited 

engulfment of apoptotic neurons. This suggest that these receptors may converge on a 

common pathway or even form a complex (Wu et al. 2009) 

 

 

Figure 6. Schematic representation of the modular architecture of Draper, CED-1 and 

mammalian homologs. Three mammalian proteins, MEGF10, MEGF11 and Jedi-1, were identified 

as being highly homologous to Draper and CED-1 using BLASTP (National Center for Biotechnology 

Information). Modified from Wu et al., 2009. 
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On the other hand, synapse elimination mediated by astrocytes involves an astrocytic 

[Ca2+] elevation dependent on inositol 1,4,5-trisphosphate receptor (IP3R). The IP3R type 

2 knockout (Itpr2ҍκҍ) mice showed an impaired somatic Ca2+ signalling in astrocytes, giving 

rise to impaired developmental elimination of synapses in the ventral posteromedial 

nucleus. This impairment was also found in the P2ry1ҍκҍ mice, where the purinergic 

receptor was ablated. Even though there was an impairment in pruning in those animals, 

synapse elimination was still found between P7 and P16 suggesting that there are 

multiple mechanisms for controlling synapse elimination (Yang et al. 2016). 

 

1.7 Astrocytes heterogeneity 
 

Different regions of the adult brain contain astrocytes with vastly different morphologies. 

Some studies have tried to underlie the expression pattern of astrocytes from different 

areas finding that astroglia from each region are molecularly distinct. Those studies were 

performed with highπdensity RNA microarray profiling on astrocytes from optic nerve, 

cerebellum, brainstem, and neocortex during development, it was found that each 

population contained both common and unique cohorts of genes (Yeh et al. 2009). 

Astrocytes from different regions demonstrate heterogeneity in their expression of ion 

channels and coupling molecules. For example, K+ channel, Kir4.1, is enriched in 

astrocytes of the ventral horn of the spinal cord compared to those of the dorsal horn 

(Chaboub and Deneen, 2012). Functional NMDA receptors have been reported in cortical 

and spinal cord astrocytes and Bergmann glia of the cerebellum but not in other areas as 

in the hippocampus. Cx43 and 30 are more pronounced in the barrel field of rodents 

compared to other cortical regions (Chaboub and Deneen, 2012). Glutamate transporters 

have different cellular dynamics of expression; GLT-1 is expressed mostly in the cortex, 

grey matter areas of the hippocampus, and spinal cord of mice while GLAST was 

expressed in the cerebellum, dentate gyrus of the hippocampus, and spinal cord (Regan 

et al. 2007). All those findings provide molecular evidence for CNS astroglial cell 

heterogeneity. 

During development, synaptogenesis is determined through multiple mechanisms 

influenced by the astrocyte population, brain region, and neuron type. Here we can see 
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some examples using in vitro approaches. The protein Hevin is necessary for the 

establishment of thalamocortical synapses in the primary visual cortex, by stabilizing the 

trans-synaptic connection between presynaptic neurexin and postsynaptic neuroligin, 

but has no role in the establishment of intracortical synapses (Singh et al. 2016). In 

another study, the heterogeneity of the synaptogenic profile of astrocytes from different 

brain regions was studied by looking at the effect of astrocyte conditioned medium (ACM) 

from different areas on primary neurons. In summary, they found that different 

populations of astrocytes have different gene expression profile in some of their 

synaptogenic factors (e.g Gpc4 is more enriched in the cerebellum while Gpc6 is more 

abundant in the hippocampus; Hevin is also more expressed in the hippocampus but 

SPARC present higher expression in cortical astrocytes). This heterogeneity found in the 

astrocyte population may be relevant for the astrocyte-synapse interactions and might 

impact neuronal connection events (Buosi et al. 2017). On the other hand, Farmer and 

colleagues found that astrocytes depend on cues from mature neurons to control their 

complex molecular profile in vivo. They focused on the cerebellar cortex, which contains 

two specialized astrocyte types, Bergmann glial (BGs) cells -that enwrap Purkinje cell 

dendrites and synapses- and velate astrocytes (VA) -that surround granule cells and 

mossy fibers-. Those astrocytes share comparable expression of some genes like GFAP, 

Sox9 and GLT1 but also display distinct molecular profiles. BGs are enriched in AMPA 

receptors GluA1 and GluA4, and GLAST, while VAs are known to have low amounts of 

those genes and large amounts of the AQP4. Sonic hedgehog signal (Shh) that regulate 

cell specification, axon guidance, and cell proliferation, drives specific molecular and 

functional changes in BGs but not in VAs. Genetically manipulating an increase in the Shh 

pathway in VAs allowed those cells to obtain an mRNA profile resembling that of BGs. 

This is one of the mechanisms that create and maintain differences among astrocytes 

(Farmer et al. 2016). Another study has related astrocyte subpopulations in healthy brain 

with analogous populations across a cohort of human tumors. They identified five distinct 

astrocyte subpopulations present across three brain regions (olfactory bulb, cortex and 

brainsteam) by using an intersectional fluorescence-activated cell sorting (FACS)ςbased 

strategy. Moreover, they identified correlative populations in mouse and human glioma, 

those specific subpopulations emerged during tumor progression corresponded with the 

onset of seizures and tumor invasion (John Lin et al. 2017). All those results show the 
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molecular and functional heterogeneity of astrocytes in the nervous system, 

demonstrating that astrocytes are able to exert particular synaptogenic effects in specific 

synapses, and revealing that neurons can also control the diversity of astrocytes in the 

brain. 

 

1.8 Astrocytes in depression 
 

Numerous studies have revealed that MDD is a disorder with prominent pathological 

astrocytic alterations, which affect density, morphology, protein expression and 

membrane channel functions of astrocytes as I will describe here. Many of the studies 

have been performed on post-mortem brains and it has been observed prominent 

decreases in astrocyte number and packing density in MDD subjects compared to non-

psychiatric controls. Numerous studies with animals have revealed that a depressive 

phenotype can be triggered when the astrocyte function is disrupted or diminish. For 

example, glial ablation in the PFC of adult rat by targeting the astrocytes with L- -h

aminoadipic acid is sufficient to trigger a depressive-like phenotype similar to chronic 

stress (Banasr and Duman 2008; Lima et al. 2014). On the other hand, there are some 

studies in which the functional activity of astrocytes has been inhibit, as a result the 

animals develop a depressive-like phenotype. ATP is known to be a key factor involved in 

astrocytic functions, low ATP amounts were found in the brains of mice that were 

susceptible to chronic social defeat. Likewise, the transgenic blockage of vesicular 

gliotransmission, by suppression of the expression of the dn-SNARE domain of 

synaptobrevin 2, induced deficiencies in astrocytic ATP release, causing depressive-like 

behaviours that could be rescued via the administration of ATP (Cao et al. 2013). Gap 

junctional channels are composed of connexin proteins. Impaired gap junctional 

intercellular communication in astrocytes results in altered neuronal function. Animals 

exposed to chronic unpredictable stress (CUS) and that had behavioural deficits in 

sucrose preference test and novelty suppressed feeding test exhibited significant 

decreases in the diffusion of a special channel-permeable dye and expression of Cx43. 

Moreover, those alterations were reversed and/or blocked by treatment with typical 

antidepressants (Sun et al. 2012). AQP4 is the main aquaporin isoform expressed by 

astrocytes in the CNS. Lack of AQP4 exacerbated depressive-like behaviours in chronic 
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corticosterone subcutaneous injection model of depression, this was observed by 

performing the forced swimming test (FST) and tail suspension test, mice knockout for 

AQP4 showed longer immobility times compared to WT (Kong et al. 2014). Astrocytes 

regulate glutamate levels by removing glutamate from the synapse via glutamate 

transporters. By inhibiting GLT-1 in the PFC, with a particular inhibitor dihydrokainic acid 

(DHK), was sufficient to produce anhedonia, a core symptom of depression in rats (John 

et al. 2012). 

In human studies, changes in the previous described proteins have been also described. 

A decrease in Cx43 occurs in the dorsolateral PFC of people who committed suicide and 

in the locus coeruleus, orbitofrontal cortex and hippocampus of MDD patients (Dossi, 

Vasile and Rouach 2018). Messenger RNA (mRNA) transcripts involved in glial syncytial 

function, potassium channel Kir4.1 and AQP4, are downregulated in hippocampus of 

MDD subjects compared to controls (Medina et al. 2016). The coverage of blood vessels 

by endfeet of AQP4+ astrocytes was reduced by 50% in MDD patients (Rajkowska et al. 

2013) This indicates that MDD subjects have an altered K+ and water homeostasis. They 

may have disrupted integrity of the BBB and may not work as effective as in healthy 

condition. On the other hand, reductions in the mRNA expression of GFAP and S10лʲ ƛƴ 

the locus coeruleus, source of extensive noradrenergic innervation, were found in MDD 

patients compared to controls (Bernard et al. 2011). In the serum of depressed people 

ƘƛƎƘŜǊ ƭŜǾŜƭǎ ƻŦ {мллʲ ǿŜǊŜ ŦƻǳƴŘ (Schroeter et al. 2002) which could reflect a leakage 

from the astrocyte to extracellular compartments (Dossi, Vasile and Rouach, 2018). Post 

mortem samples of patients who had AD treatment have been studied by several groups. 

Those histopathological studies in humans have also revealed changes in the amount and 

morphology of glial cells, Rajkowska and colleagues found decreased cortical thickness 

and reduction of glial densities in the upper and lower layers of the orbito-frontal region, 

and reduction of density and size in the dorsolateral prefrontal cortex (Rajkowska et al. 

1999).  

A reduction in the expression of synapse-related genes is another characteristic of this 

disorder, some of them are classified as regulators of synaptic vesicles -calmodulin 2, 

synapsin, regulators of dendritic spine formation -Rab3A, Rab4B-, and mediators of 

axonal outgrowth and regeneration -beta-tubulin 4- are known to be decreased in MDD 

subjects. CUS models also have a decreased in the expression of synapsin I, calmodulin 2, 
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Rab3A, and Rab4B, although not beta-tubulin 4 in the PFC (Kang et al. 2012). This data 

may suggest that the decreased levels of these synapse-related genes in MDD result from 

chronic stress exposure that could contribute to depressive behaviours (Kang et al. 2012). 

 

1.9 Antidepressants act on the brain, focused on their action in astrocytes and 

synaptic plasticity 

 

Most ADs have been created based on the monoamine hypothesis of depression. They 

work increasing the availability of one or more neurotransmitter in the CNS (Schildkraut, 

1965). ADs impact these systems through either primary or secondary pharmacological 

mechanisms. The delay response of some patients to ADs suggest that their secondary 

actions might involve changes in gene expression and/or synaptic plasticity contributing 

to their therapeutic mechanisms (Price and Drevets, 2010). The mechanisms of action are 

the inhibition of the reuptake of norepinephrine (NE) and/or serotonin (5-

hydroxytryptamine (5-HT)) into the presynaptic terminal from the synapse (tricyclic ADs 

(TCAs), selective serotonin (5-HT) reuptake inhibitors (SSRIs) and (5-HT) and 

norepinephrine (NE) dual-reuptake inhibitors (SNRIs)); the inhibition of the monoamine 

oxidase, the enzyme that degrades 5-HT, NE, and dopamine (DA) in the presynaptic 

terminal (MAOIs); and the blockade or stimulation of presynaptic and/or postsynaptic 

monoamine neurotransmitter receptors (Holtzheimer and Nemeroff, 2008). For this 

study five different ADs corresponding to the different classes were used: Desipramine 

(tricyclic AD), Mirtazapine (tetracyclic AD), Fluoxetine (SSRI), Reboxetine (NRI) and 

Venlafaxine (SNRI).  

The negative effects of stress on neuroplasticity contribute to a disease phenotype, 

treatment with ADs affect then similar mechanism and are predicted to have opposite 

effect (Pittenger and Duman, 2008). Those ADs also increase synaptic plasticity at several 

levels. Classical ADs increase the expression of some molecules associated with neuronal 

plasticity such as BDNF after chronic treatment (Nibuya, Morinobu and Duman, 1995). 

BDNF in blood is found in platelets and is released upon their activation; serotonin is 

known to be taken by platelets through the serotonin transporter, although uptake of 

serotonin to platelets is reduced in depression. Patients have also low levels of BDNF in 

serum that can be rescued by treatment. Otherwise, BDNF does not pass through the 

blood-brain barrier, but plasma BDNF could influence brain regions where the blood-
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brain barrier is leaky (Castrén and Rantamäki, 2009). In addition to enhancing functional 

neuroplasticity, ADs enhanced structural plasticity affecting number of synapses, spines 

and dendrites. ADs have been seen to increase the number of synapses, for instance 5 

days treatment with FLX produces a robust increase in pyramidal cell dendritic spine 

synapse density in the hippocampal CA1, while CA3 areas are required of 14 days to have 

similar changes (Hajszan, MacLusky and Leranth, 2005). Also in hippocampal areas, the 

reduction of dendritic complexity caused by stress can be reversed by chronic 

administration of tianeptine, but not FLX (Magariños, Deslandes and McEwen 1999). 

Signalling pathways are implicated in the development of mood disorders and can be 

target of pharmacological treatment (Czéh and Di Benedetto, 2013). The ERK/MAPK 

pathway, involved in cell survival and plasticity, can be target of ADs, for instance long-

term treatment of FLX activates the extracellular signal-regulated-protein kinase (Erk) 

and p38 mitogen-associated protein (MAP) kinase cascades. Several classes of ADs have 

been applied to animal or cells. Short term treatments in primary culture of astrocytes 

showed an up regulation of downstream genes like BDNF and GDNF (Mercier et al. 2004). 

In the C6 glioma cell line (used as an in vitro model to study astrocytes), some 

antidepressants like RBX and norquetapine activate ERK1 and ERK2 molecules with a 

consequent increased release of GDNF (Di Benedetto et al. 2012).  

ADs also induce transcriptional and translational changes in glial cells. Up- or down-

regulation of GFAP, AQP4, vimentin and upregulation of Cx43 in the PFC upon chronic FLX 

treatment has been seen in the brain of experimental animals (Fatemi et al. 2008). 

Astrocytes also express serotonergic transporters. The uptake of 5-HT by rat brain 

astrocytes through a Na+-dependent, FLX-sensitive high-affinity transporter has been 

documented before (Dave and Kimelberg 1994), pointed out that SSRIs inhibit glial 

serotonin transporters as well. FLX has relatively high affinity for Gq/11 protein-coupled 

5-HT2 receptors and causes an increase in cytosolic calcium concentration ([Ca2+]i) and 

phosphorylation of ERK1/2 in astrocytes in vitro (Li et al. 2008). Regulation of ion 

homeostasis, such as K+ buffering, is an important astroglial function, mediated by Na+, 

K+-ATPase. Accumulated K+ is released by an inwardly rectifying Kir4.1 channel. This 

channel is blocked by SSRIs and TCAs. This might alter astrocyte-neuron interactions in 

K+ homeostasis, neuronal excitability and be implicated in the pathophysiology of mood 

disorders (Ohno et al. 2007; Su et al. 2007). By knocking down AQP4 in mice, the water 
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homeostasis can be disrupted and the chronic FLX-treatment-induced hippocampal 

neurogenesis is abolished as well as antidepressant effects (Kong et al. 2009) indicating 

the proper stability of the BBB is important for AD action. Studies have shown that MDD 

is accompanied by an activation of the inflammatory response system and an increase in 

some cytokines like TNFh and IL-6 in depressed subjects compared with control subjects. 

Those cytokine levels can be normalized after antidepressant treatment (Dowlati et al. 

2010). The structural changes found in glial cells in depressive people can play an 

important role in the progression of the disease but it is not known if they are the cause 

or consequence of the pathology of depression. In a study, animal models of long-term 

psychosocial stress were subjected to daily oral administration of FLX. AD treatment 

prevented the stress-induced numerical decrease of astrocytes. Any AD effect was found 

in control animals (Czéh et al. 2006). ADs may work by restoring the deleterious effects 

of stress or influencing cell proliferation by affecting glia cell number. Regarding this 

effect, Czéh and colleagues have observed enhanced gliogenesis in the PFC of mice 

subjected to chronic social stress after treatment with FLX (Czéh et al. 2007). 

Morphological changes can be observed in vitro and in vivo, cells treated with imipramine 

exhibited a round-shaped cell body with long, thin processes (Cabras et al. 2010), while 

in another study treatment with FLX reduced astrocytic somal volumes. Those changes in 

structural plasticity of astrocytes can reflect functional changes within the glialςneuronal 

interaction, for instance reduced hippocampal volumes found in depressive phenotype 

could be related with stress-induced reduction of astroglia size and number (Czéh et al. 

2006). Nonetheless the therapeutic response of MDD people to ADs requires still several 

weeks of treatment that is why new therapeutic-response targets need to be identified 

to be able to access to more rapid and efficacious treatment (Duman et al. 2016). 

In the last years more studies about the action and efficacy of fast acting AD have 

emerged. Fast acting AD as ketamine can be effective in treating MDD. It is a non-

competitive antagonist of N-methyl-D-aspartate (NMDA) receptor, at subanaesthetic 

dose can produce a rapid response that is sustained about 1 week, even in patients 

considered treatment-resistant. Ketamine induces a rapid and transient increase of 

glutamate release, which stimulates presynaptic metabotropic glutamate receptors 

(mGluRs). The activation of mGluRs induces a long-lasting decrease of glutamate release 

that possibly compensates the impaired astrocytic glutamate clearance in MDD 
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(Sanacora, Treccani, and Popoli 2012). Ketamine activates mTOR pathway, leading to 

increased synaptic signalling proteins and increased number and function of new spine 

synapses in the prefrontal cortex of rats (Li et al. 2010). 

Electroconvulsive therapy (ECT) is another antidepressant therapy currently used that 

result and effective therapy for some treatment-resistant depressed patients. This 

therapy induces normalization of aberrant hippocampal connectivity and increased 

hippocampal volumes in as a clinical response. It has a slightly faster onset of action than 

typical ADs medications (Duman and Li, 2012; Abbott et al. 2014). 

The exact cellular mechanism by which ADs exerts their therapeutic effect is not fully 

understood; apart from their capacity to inhibit the neuronal reuptake of serotonin. As it 

has been previously described we should not forget how ADs have a direct effect on 

astrocytes as well, with consequences for the plasticity of the whole brain.  

 

1.10 Animal models of depression 
 

Animal models have been developed based on evidences that link stressful events with 

depressive phenotype. Animal models of psychiatric disorders are usually discussed with 

regard to three criteria first proposed by Willner in 1984. It is important to validate an 

animal model and see how well the symptoms observed in animals resemble to the ones 

in patients suffering the disease. The presence of a similar pathophysiology is known as 

face validity. How well animals respond to any kind of treatment -as antidepressive 

treatment- compare to how humans would do it, is known as predictive validity. How well 

the mechanism used to induce the disease phenotype in animals reflects a similar 

biological dysfunctions/etiology between the human and animal model is known as 

construct validity. Those criterions that relies on etiological and symptomatic aspects and 

have a pharmacological correlation should be fulfilled by the animal model in order to be 

considered relevant for human pathology (Belzung and Lemoine, 2011). Some models of 

depression are based on the exposure to various types of acute or chronic stressors (Czeh 

et al. 2001). To understand the neurobiology of depression, valid animal models have 

been studied: learned helplessness model, chronic stress model, social defeat stress and 

early life stress models are among the most important ones. The learned helplessness 

model, those animals develop a state of helplessness after being exposed to direct acute 
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stress, like inescapable electric shocks, resulting in increased escape latency or failure to 

escape. Chronic mild stress, this paradigm involves the application of a variety of 

intermittent physical stresses over a prolonged time period (Krishnan and Nestler, 2011). 

Social defeat stress, this model is obtained after a prolonged social stress. The chronic 

social defeat stress model repeatedly exposes young adult male mice to a series of 

antagonistic encounters with an older and more aggressive male mouse, resulting in a 

range of depression-like phenotypes in the young mice (Heshmati and Russo, 2015). Early 

life stress models, typically applied in the form of maternal separation during early 

postnatal developmental periods give rise to cognitive and emotional changes that 

persist through adulthood (Krishnan and Nestler, 2011). 

For this study rats with an endogenous depressive phenotype have been used. The High 

Anxiety-like Behaviour (HAB) rat breeding line is a type of Wistar rats bred for high 

anxiety-related behaviour after their performance on the elevated plus-maze. Those rats, 

extremes in anxiety, should spend less than 5% of the time on the open arms of the maze 

to be classified inside this group and be used for further breeding and less than 10% to 

be used for experimental purposes. This test is a well- stablished test that creates a 

ŎƻƴŦƭƛŎǘ ōŜǘǿŜŜƴ ǘƘŜ ƴŀǘǳǊŀƭ ŀƴƛƳŀƭΩǎ ŎǳǊƛƻǎƛǘȅ ǘƻ ŜȄǇƭƻǊŜ ǘƘŜ ǘŜǊǊƛǘƻǊȅ ǎǳǊǊƻǳƴŘƛƴƎ ƘƛƳ 

and the avoidance of open and brightly spaces (Neumann et al. 2011). HAB rats also show 

a depressive phenotype in the FST, were they display a more passive coping style 

predominant with higher immobility and less struggling. This test probes the coping 

mechanism of rodents under a complex situation, i.e. the animal cannot escape from a 

water-filled cylinder, he starts moving with active movements, then swimming-struggling 

as a scape behaviour, and a final immobile posture that indicates a behavioural loss of 

hoping. This change to immobility is believed to reflect behavioural despair due to a 

failure to a directed behaviour to keep escaping or a passive behaviour to cease active 

forms of coping to the stressful stimuli. The acute administration of ADs in this test 

increase the time that rodents spend in escape-directed behaviour (Slattery and Cryan, 

2014). These animals have been also tested in a broad variety of test for anxiety-related 

behaviour such as open field, light-dark box, holeboard and fear conditioning, where a 

highly anxious phenotype has been described (Neumann et al. 2011). With respect to the 

neuroendocrine system, the HPA axis is one of the major stress systems. It is regulated 

by the release of CRH and AVP from the PVN into the pituitary, which stimulates the 
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secretion of ACTH into the bloodstream. ACTH, in turn, triggers the adrenal release of 

glucocorticoids which facilitate physiological and behavioural adaptations to a stressor at 

multiple peripheral and brain levels. As we have seen before, the dysregulation of the 

HPA axis has been linked to anxiety- and depression-related disorders. This line share an 

elevated HPA axis responsiveness, when exposed to a non-social stressor, e.g. a novel 

environment, HAB rats show a more pronounced ACTH and corticosterone secretory 

response and elevated neuronal responsiveness in the PVN, the medial preoptic area and 

the locus coeruleus (Neumann, Veenema and Beiderbeck, 2010). In terms of gene 

expression, AVP and CRH mRNA expression from hypothalamus and PVN respectively are 

upregulated in HAB rats (Neumann et al. 2011). Chronic treatment with paroxetine -SSRI 

AD- or infusion of an AVP receptor antagonist directly into the PVN has been shown to 

successfully reverse the passive stress-coping style in HAB males accompanied by a 

reduction in hypothalamic AVP expression (Slattery and Neumann, 2010; Neumann et al. 

2011). At the cellular levels, previous work from our laboratory described a reduction of 

coverage of blood vessels in the adult PFC of HAB rats by analysing AQP4-immunoreactive 

astrocyte processes, confirming the data found within the PFC of MDD patients, 

indicating that the integrity of the BBB could be perturbed (Di Benedetto et al. 2016). 

Previous studies from our group validated HAB rats at the cellular level as a model to 

study MDD. A significant decrease in astrocyte density was found in HAB rats when 

compared to normal anxiety-related behaviour (NAB) rats. These alterations are 

consistent with the observed reduction of glia cells, especially astrocytes, in post-mortem 

fronto-limbic brain regions of MDD patients (Rajkowska and Miguel-Hidalgo, 2007). 

Furthermore, an increase in global abundance of H3K4me3 (tri-methylation at the 4th 

lysine residue of the histone H3) was found in HAB rats, when compared to NAB, 

particularly, a specific cell-type was affected, the astrocytes. H3K4me3 is necessary for 

packaging DNA in eukaryotic cells by increasing the accessibility of DNA. Thus, changes in 

abundance of these methylation markers strongly affects accessibility of genomic regions 

for the initiation of transcription. A similar alteration of H3K4me3 has seen in HAB rats, 

and in depressive patients (Cruceanu et al. 2013). In conclusion, HAB is a well-established 

animal model with robust behavioural and cellular phenotype that mimics many 

symptoms of human anxiety and depression related disorders. 
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The WistarςKyoto (WKY) rat strain has been proposed as an animal model of endogenous 

depression. They show hyperresponsive behavioural and endocrine responses to stress 

that exceed normal controls, distinct neurochemical profiles and enhanced depressive-

like behaviours in a variety of tests (Gosselin et al. 2009). In the second day of the FST, 

WKY rats were more immobile compared to controls, indicating a passive behaviour and 

reflecting two functional characteristics related to depressionτgreater psychomotor 

retardation as well as enhanced learned helplessness. In the social interaction 

assessment, WKYs also showed greater social avoidance, avoiding both male and female 

stimulus rats. Interestingly, WKYs did not avoid novel objects in this paradigm. The have 

enlarged adrenal glands and hearts relative to other strains (Nam et al. 2014). WKY rats 

exhibit a delayed activation of the HPA axis, followed by an over stimulation, and altered 

neuroendocrine stress responses, including increased plasma corticosterone and ACTH 

levels (Rittenhouse et al. 2002). Treatment with different AD drugs attenuated 

depressive-like behaviour in those animals. This was seen by decreasing immobility and 

increasing swim time in the FST (Tejani-Butt, Kluczynski and Paré 2003). Glial cell 

characteristics have been studied in the context of depressive phenotype. Specific 

astrocytic deficits in GFAP expression have been found in cortico-limbic areas (PFC, 

basolateral amygdala and CA3 and dentate gyrus from hippocampus) in WKY rat brain. 

This data may be a general correlate of depressive-like behaviour in animal models 

(Gosselin et al. 2009). 
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1.11 Aim 
 

Major Depressive Disorder (MDD) has become the leading cause of disability worldwide. 

Although several treatment options exist, the late onset of beneficial effects and a high 

rate of non-responder patients still represent a huge problem. To date, the molecular 

underpinnings of MDD are not completely understood. Therefore, it is important to 

identify new targets to treat this disease. 

I have focused my study in the interaction of astrocytes with neurons and synapses after 

AD treatment. Both cell types have been described to be implicated in depression. The 

importance of balanced synaptic function and plasticity becomes evident when 

considering that synaptic dysfunctions have been ascribed to various psychiatric brain 

disorders. Therefore, some hypothesis have proposed a disrupted interaction between 

astrocytes with the synapse as the underlying cause of those disorders.  

For this project, I have investigated other pharmacological targets of antidepressants 

(ADs). I could observe that ADs were able to target specific synapses in an early time point 

and only in the presence of cortical astrocytes. For this reason, my focus was on the study 

of astrocytic molecules that were highly related with the synapse. The molecule I 

investigated was MEGF10, a membrane bound protein which participates in synaptic 

pruning, being therefore a promising candidate responsible for the reduction in 

excitatory synaptic densities observed after acute AD treatment. 

Those studies were performed in naïve animals in order to not interfere with other 

physiological changes produced by the disease itself. Furthermore, ongoing experiments 

are focused on the study of synapses and the MEGF10 receptor in animal models of 

depression. I hypothesize that changes in the MEGF10 pathway, probably during 

development, may have a negative influence on neuronal circuits. If this is true an 

improper remodelling of neuronal circuits takes place during early development, and 

could be the cause of neuropathologies in adulthood.



   

 
 

 

2 aŀǘŜǊƛŀƭǎ ŀƴŘ aŜǘƘƻŘǎ 

2.1 Animals 

 

All animal experiments were approved by the government of the Oberpfalz (Germany). 

For the next study, all animals were kept under standard housing conditions (RT 22-24°C, 

humidity 55%, 12h light/dark cycle with lights on at 6:00 a.m., water and pellet food ad 

libitum). For the experiments in which cells from pups were required, animals at E18 stage 

and pups at P0-4 were used. The mothers were purchased from Charles River. 

For experiments with adult animals, adult male Wistar rats (Charles River, Sulzfeld, 

Germany, 310 ς 340 g body weight) were housed under standard laboratory conditions 

in groups of 3. After one week of habituation they were injected intraperitoneally (i.p.) 

with fluoxetine or saline for 48h. Fluoxetine was prepared fresh every day and diluted in 

water. Rats received an i.p. injection of either saline or 10 mg/kg in 0.5 ml twice per day 

for two days. On day 3, animals were anaesthetized with CO2 and perfused with 4% 

paraformaldehyde (PFA, Sigma Aldrich) in phosphate buffered saline (PBS). Brains were 

removed and post-fixed overnight (O/N) at 4°C, cryoprotected in 25% sucrose in PBS and 

cut coronally at 40 ˃m on a cryostat. Sections were preserved in a solution with 25% 

ethylene glycol, 25% glycerol in PBS at -20°C until further processed for 

immunofluorescence-immunohistochemistry (IFςIHC). 

The experiments were approved by the government of the Oberpfalz, Germany, and 

performed in accordance with the Guide for the Care and Use of Laboratory Animals of 

the Government of Oberpfalz, and recommendations from the NIH. All efforts were made 

to minimize the number of animals used and their suffering. 
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2.2 Drugs 
 

Desipramine (DMI), Mirtarapine (MTZ) (#M0443), Fluoxetine (FLX) (#132) and 

Venlafaxine (VLX) (#V7264) were purchased from Sigma, Reboxetine (RBX) (#Cay15038) 

from Biomol. For stock solutions DMI, MTZ and RBX were dissolved in 100 % DMSO, FLX 

and VLX in H2O. U0126 (Promega, Madison, MI, #V1121) was dissolved in 100% DMSO.  

 

2.3 Preparation of neurons  
 

Primary cortical neurons of Wistar Rat were isolated on E18. In brief, the dam was 

euthanize/sacrificed using CO2, and the embryos were removed from the embryonic 

sack. The embryos were then decapitated and the skull was opened. The meninges were 

carefully removed from the brain, and the cortex, our area of interest, was dissected. 

Dissected cortex was placed in ice-ŎƻƭŘ I.{{ όIŀƴƪǎΩ ōŀƭŀƴŎŜŘ ǎŀƭǘ ǎƻƭǳǘƛƻƴ by Thermo 

Fischer #192109) and then fragmented into small pieces. The cortex was washed with 

Neurobasal media, mixed with Trypsin-EDTA for 20 minutes at 37°C for proper digestion 

and finally after washing again with Neurobasal media, the cortex was homogenized 

using fire- polished Pasteur pipette. Last step of the procedure is the centrifugation of the 

dissociated cells 5 minutes at 900 rpm. Supernatant was aspired and cells were 

resuspended in neuron-specific medium (Neurobasal A medium-Thermofisher, 

#10888022, supplemented with B27 #17504-044 and Glutamine #25030024). Before 

seeding, CultureOne supplement (Thermofisher, #A33202-01) was added to avoid the 

growing of glial cells. Cells were seeded in on laminin-coated (Sigma, #L-2020) over 24-

well plates at a density of 40.000 cells/well. Pure neuronal cultures were allowed to grow 

for 3 weeks. Half of the medium per well was change every 7 days. 

 

2.4 Preparation of astrocytes  
 

Primary cortical astrocytes were isolated between P0-P4 from cortical areas from NAB rat 

brains. Astrocytes were taken from cortical areas following the same protocol than for 

neurons (see 2.3). In the last step, cells were resuspended in warm astrocyte growth 
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medium DMEM, supplemented with 10% fetal calf serum, 1% antibiotic-antimycotic, 15 

sodium pyruvate, 1%HEPES 1M, 1% MEM non-essential amino acids. Cells homogenates 

were plated on poly-D-lysine coated T75 cm2 flasks. 

 

2.5 Preparation of co-cultures 
 

Primary cortical astrocyte derived from NAB rats were used. Cells were seeded on PDL-

Coated cover glasses in astrocyte-growth medium. Astrocytes were allowed to growth for 

4 days in vitro (DIV), and then medium was changed to neuron-specific medium shortly 

before isolated neurons were plated on top of these astrocytes. The co-cultures were 

allowed to growth for 14 DIV. Half of the neuron specific medium was changed once per 

week. The absence of unwanted cells such as microglia was analyzed by terms of 

immunofluorescence in every preparation.  

 

2.6 Antidepressant treatment 
 

The different five ADs were added to the cells in co-culture to a concentration of 10 µM 

for the experiments of the analysis of the synaptic densities. U0126 was administered 30 

minutes before the respective co-treatments at a final ŎƻƴŎŜƴǘǊŀǘƛƻƴ ƻŦ нл ˃M which 

elicits the maximal inhibitory effect. At 14 DIV, co-cultures were treated with the 

antidepressants (DMI, MTZ, FLX, RBX and VLX) for 48 hours (h)-with the presence or 

absence of U0126- or for 120h. 

 

2.7 Harvesting astrocytes for western blot 
 

When finishing the treatment, medium containing ADs was discarded, single cultures 

were washed with ice-ŎƻƭŘ t.{Σ млл ˃ƭ ƻŦ ƭȅǎƛǎ ōǳŦŦŜǊ ǿas added to the different wells and 

the samples were placed on eppendorfs and stored at -80° until further processing. 
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2.8 Western blot experiments 
 

For western blot experiments primary cortical neurons were seeded in 24 well-plates at 

a concentration of 40.000-50.000 cells/well (medium changed one per week) until DIV 

18-21. After treatment with ADs (25 µM) cells were harvested, as described before. Cells 

in lysis buffer were stored in -80 or -20°C. BCA protein concentration estimation (Thermo, 

#23227) was performed on all protein samples (figure 7).  

 

 

 

 

 

 

 

 

 

 

 

Figure 7. BCA test in a 96 well plate. a) Diluted albumin standards in duplicates. The gradient of 

colors, from green to purple, indicate a lower and higher amount of proteins, essential for the 

preparation of the standard curve. The BSA concentration goes from 0 to 2000 µg/ml. b) Samples 

with 200 µg of protein/ml approximately.  

 

According to the concentrations, specific amounts of Laemmli buffer was added to them. 

10 mg of total proteins/sample were denatured at 99°C for 4 min, quickly spun down and 

loaded on a SDS-acrylamide gel at 10% or 12%. Gel run was performed for 1.5h, 90V at 

RT in running buffer (25mM Tris, 190mM Glycine (Sigma, #G8898) and 0.1% SDS in 

distilled water pH 8.3). After full separation of all the proteins, the gel was transferred to 

a blotting chamber. Polyvinylidene fluoride (PVDF) membranes (Merck, #IPVH00010) 

were used for the transfer. Proteins were blotted for 2h, 90V at 4°C. To maintain a stable 

temperature environment the transfer buffer (20mM Tris, 140mM Glycine, 20% 

Methanol (Merck, #M79090) in distilled water, pH 8.3) was pre-cooled at 4°C. Membrane 

a) Albumin standards in 

duplicates 

b) Samples 
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was blocked in bovine serum albumin (BSA, Roth, #8076.4) for 1h and then incubated 

with the next primary antibodies (see table 1) in 5% BSA in 1x T-BST for 24h. To enable 

chemiluminiscencent anylisis, secondary antibodies were used. Membranes were 

incubated with secondary antibody in 5% BSA in T-BST at RT rotating for 2h. Membrane 

were washed 3x 10min in TBST and incubated with SuperSignal West Pico 

Chemiluminiscent Substrate (ThermoScientific #RE232696) for 1-2min. Chemiluminiscent 

reaction was visualized with ImageQuant LAS4000 (GE Healthcare Life Sciences, Freiburg, 

Germany). 

MEGF10 experiments 

 

Pre and post-synaptic experiments 

 

 

Antibody and company Concentr

ation 

Corresponding 

secondary AB 

Concentration 

Rabbit anti-MEGF10 

(ThermoFisher #PA5-

76556) 

1:500 Goat-anti-rabbit  1:1000 

aƻǳǎŜ ŀƴǘƛ ʲ-Actin (Cell 

Signalling #3700) 

1:200 anti-mouse  1:3000 

Antibody and company Concentr

ation 

Corresponding 

secondary AB 

Concentration 

Mouse anti-PSD95 

(Sigma #MAB1596) 

1:2500 anti-rabbit 1:2500 

aƻǳǎŜ ŀƴǘƛ ʲ-Actin (Cell 

Signalling #3700) 

1:4000 anti-mouse  1:4000 

Antibody and company Concentr

ation 

Corresponding 

secondary AB 

Concentration 

Rabbit anti-

Synaptophysin (Abcam 

#ab52636) 

1:5000 anti-rabbit 1:1000 

Rabbit anti Cofilin (Cell 

Signalling  #5175S) 

1:1000 anti-mouse  1:1000 
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Table 1. Primary and secondary antibodies for western blot analysis 

2.9 Protein expression quantification 
 

CƻǊ ǘƘŜ ŀƴŀƭȅǎƛǎΣ CƛƧƛ LƳŀƎŜW ǿŀǎ ǳǎŜŘΦ DŜƭǎ ŦƛƭŜǎ ǿŜǊŜ ƛƳǇƻǊǘŜŘ ƛƴ LƳŀƎŜW Ǿƛŀ ŘǊŀƎΩƴΩŘǊƻǇΦ 

The region of interest (ROI) was selected with the rectangle and consecutive lines/ROIs 

were selected in the option AnalyzeĄ GelsĄ Select next line (figure 8). 

 

 

Figure 8. Analysis of the bands from western blot.  

After that, the Plot line option was chosen in order to have the plots from all the lines 

(figure 9). 

 

 

 

 

 

 

 

 

 

Figure 9. Analysis of the bands western blot. Gel option was chosen in order to get the plot lanes. 
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From every plot, their area was closed using the straight line and then selected using 

the wand tool (figure 10). 

 

 

 

 

 

 

 

 

 

 

 

Figure 10. Selection of region of interest (ROI) referring to the area of a particular 

band. 

 

After selecting the area, data from the area and percentage was obtained and used for 

the analysis. All lines were normalized to the corresponding total amount of housekeeper 

protein (protein of interest/housekeeper protein= normalized results). First, the mean of 

all controls was calculated in % (results normalized x 100/ mean of controls). Then the 

value of the different conditions was calculated accordingly. 

 

2.10 Immunofluorescence procedure and analysis 
 

Immunofluorescence of excitatory synapses. To terminate the treatment, single and co-

cultures were washed with ice-cold PBS and fixed with 4% paraformaldehyde (PFA, Roth, 

#0335.2) in PBS for 20 mins, then washed 3 times every 5 mins with cold PBS. For the 

immunostaining of synapses, the cells were washed thoroughly in PBS (3x 10 min), the 

day of the immunostaining procedure and blocked in 2% NGS (Linaris, #S1000), 

supplemented with 0.1% Triton-X-100 in PBS, for 20 min at RT. After washing, staining 

was performed by incubating the cells with different combinations of primary antibodies, 

O/N at 4°C, diluted in the aforementioned solution with gentle shaking (table 2). On the 
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second day, cells were washed (3x 10 min in PBS) to get rid of unbound primary antibody 

and incubated for 1h with the corresponding secondary and tertiary antibodies. 

 

 

Table 2. Primary and secondary antibodies for immunofluorescence. 

 

To label nuclei in all IF-experiments DAPI (1:1000, Sigma, #32670) was used. At the end 

of the procedure, cells were washed (3x 10 min in PBS) and mounted on specimen slices 

using aqueous mounting medium (Abcam, #ab128982) for confocal analysis. 

  

Antibody and 

company 

Specificity Concen

tration 

Corresponding 

secondary AB 

Concen

tration 

Corresponding 

tertiary AB 

Concen

tration 

Rabbit anti 

synaptophysin 

(Abcam 

#ab52636) 

Excitatory 

pre-synaptic 

marker 

 

1:500 

Biotin-SP- goat 

anti-rabbit IgG 

(Dianova #111-

065-003) 

 

1:500 

Streptavidin 

AF647 

(Invitrogen 

#S21374) 

 

1:1000 

Mouse anti 

PSD95 (Biolegend 

MMS-5182) 

Excitatory 

post-synaptic 

marker 

 

1:500 

Anti-mouse Cy3 

(Sigma #C2181)  

 

1:500 

  

 

Chicken anti 

MAP2 (Acris 

#CH22103) 

Microtubule-

associated 

protein 2. 

Neuron 

marker 

 

 

1:1000 

Anti-chicken 

AF488 

(Invitrogen #A-

11039) 

 

 

1:1000 
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Immunofluorescence of inhibitory synapses. The same protocol as Immunofluorescence 

of excitatory synaptic densities was used with the following antibodies (table 3). 

 

 

 

Table 3. Primary and secondary antibodies for immunofluorescence. 

 

 

  

Antibody and 

company 

Specificity Concen

tration 

Corresponding 

secondary AB 

Concen

tration 

Corresponding 

tertiary AB 

Concen

tration 

Rabbit anti VGAT 

(Synaptic System 

#197 863) 

Inhibitory pre-

synaptic 

marker 

 

1:1500 

Biotin-SP- goat 

anti-rabbit IgG 

(Dianova #111-

065-003) 

 

1:500 

Streptavidin 

AF647 (Invitrogen 

#S21374) 

 

1:1000 

Mouse Anti  

Gephyrin 

(Synaptic System  

#197 862) 

Inhibitory 

post-synaptic 

marker 

 

1:1000 

 

Anti-mouse Cy3 

(Sigma #C2181) 

 

1:500 

  

 

Chicken anti 

MAP2 (Acris 

#CH22103) 

Microtubule-

associated 

protein 2. 

Neuron 

marker 

 

 

1:1000 

Anti-chicken 

AF488 

(Invitrogen #A-

11039) 

 

 

1:1000 
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synphys+/LAMP1+ in astrocytes. The same protocol as Immunofluorescence of excitatory 

synaptic densities was used with the following antibodies (table 4) and DAPI for DNA 

staining (nuclei). 

 

 

Table 4. Primary and secondary antibodies for immunofluorescence. 

 

Immmunofluorescence microglia. The presence of microglia was examined in co-cultures 

of astrocytes and neurons. The same protocol as immunofluorescent of synaptic densities 

was used with the following primary and secondary antibodies (table 5) and DAPI 

(1:1000) as tertiary.  

  

Antibody and 

company 

Specificity Concen

tration 

Corresponding 

secondary AB 

Concentr

ation 

Corresponding 

tertiary AB 

Concen

tration 

Rabbit anti 

LAMP1 (Abcam  

#Ab24170) 

Lysosomal-

associated 

membrane 

protein 1 

 

1:100 

Biotin-SP- goat 

anti-rabbit IgG 

(Dianova #111-

065-003) 

 

1:500 

Streptavidin 

AF647 

(Invitrogen 

#S21374) 

 

1:1000 

 

aƻǳǎŜ ŀƴǘƛ {мллʲ 

(Abcam # 

ab11178) 
 

 

Mouse anti GFAP 

(Sigma 

#G3893) 
 

Calcium 

binding 

protein. 

Astrocytic 

marker 

 

Glial fibrillary 

acidic protein. 

Astroglia 

marker 

 

1:1000 

 

 

 

1:400 

 

 

Anti-mouse Cy3 

(Sigma #C2181) 

 

 

1:400 

  

Chicken anti 

synaptophysin 

(sysy #101006) 

Excitatory 

pre-synaptic 

marker 

 

1:500 

Anti-chicken 

AF488 

 

1:500 
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Antibody and 

company 

Specificity Concentration Corresponding 

secondary AB 

Concentration 

 

Rabbit anti Iba 1 

(Wako 

#019-19741) 
  

Ionized calcium binding 

adaptor molecule 1. 

Microglia/macrophage-

specific protein 

 

 

1:1000 

Anti-rabbit 

AF488 

(Invitrogen 

#A-11008) 

 

 

 

1:300 

aƻǳǎŜ ŀƴǘƛ {мллʲ 

(Abcam # 

ab11178) 
 

Mouse anti GFAP 

(Sigma 

#G3893) 
 

Calcium binding protein. 

Astrocytic marker 

 

 

Glial fibrillary acidic protein. 

Astroglia marker 

 

1:1000 

 

 

 

1:400 

 

 

Anti-mouse Cy3 

(Sigma #C2181) 

 

 

1:400 

 

Table 5. Primary and secondary antibodies for immunofluorescence. 

 

2.11 Confocal microscopy 
 

To analyze immunofluorescence-immunocytochemistry (IF-ICC), micrographs were taken 

using a Leica SP8 confocal microscope (Leica, Wetzlar, Germany). The appropriate lasers 

for detection of the fluorochromes were selected and settings were adjusted based on 

the highest fluorescent signal. The following settings were adjusted and kept constant 

throughout the experiments: objective and digital zoom, range of wavelengths, pinhole, 

gain/offset, line average and number of pixels per picture (512x512). To ensure an 

appropriate recording of entire sections Z-stack acquisition was use and the sequential 

acquisition mode was used in order to avoid bleed-through between different channels. 

The beginning and the end point were defined before taking the picture. For the 

quantification of synapses, MAP2 was used as a reference to identify secondary branches. 

For both IF-ICC excitatory and inhibitory synapses, 10-12 cells per coverslip, using a 60x 

oil immersion objective and at 10x zoom, were analyzed in any of the 3-4 independent 

experiments.  
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2.12 Quantitative analysis 
 

Acquired images were saved by the confocal microscope software as .lif, then this file was 

open by the Bio-Format-Importer plugin in Fiji. To open the images, the next options were 

chosen: stack viewing: hyperstack; metadata viewing: display metadata; color options: 

default color mode and autoscale. For the quantification of synaptic densities single 

presynaptic (synaptophysin+) and single postsynaptic (PSD95+) or single VGAT+ and 

gephyrin+ and colocalizing puncta were counted with the extra plugin Cell Counter. For 

quantification synaptophysin/LAMP1 the plugin Spots colocalization (ComDet) was used 

in ImageJ. 

Quantification of excitatory and inhibitory markers: 

Adquired images were saved by .lif files, which contained the relevant metadata. The .lif 

ŦƛƭŜ ǿŀǎ ƻǇŜƴŜŘ Ǿƛŀ ŘǊŀƎΩƴΩŘǊƻǇΦ ¢ƻ ƻǇŜƴ ŜǾŜǊȅ ǎƛƴƎƭŜ ƛƳŀƎŜΣ ǘƘŜ ŀǇǇǊƻǇǊƛŀǘŜ ƛƳǇƻǊǘ 

option in Bio-Format Import Option was chosen. By choosing to open all the series of 

images at once, the single stacks of every picture are open individually. Single channels 

could be selected by using the C slider and to go through the stack of images, the Z slider 

was used. Every single image was merged by binding the Z-stack. All the channels can be 

seen in the same image by choosing the ImageĄ Channel toolĄ Color Ą Composite 

option. A ROI of 10µm of dendrite was cut in the picture. 

For the analysis of the single channels, one channel at a time was selected. The plugin 

Cell CounterĄ Cell Counted, allows you to count the ROIs of every channel (figure 11 and 

12). 
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Figure 11. Cell counter plugin. 

 

 

Figure 12. Analysis in 10 µm of dendrite. 

 

I choose different counter types to analyze every single channel individually. 

Synapthopysin+ and PSD95+ puncta on the dendrites were quantified with counter 1 and 

3 respectively (figure 13). Furthermore, for the analysis of the merged channels, three 

channels at a time were selected and the colocalization of the two puncta in the dendrite 

was quantified with the counter 5. 
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Figure 13. Quantification of pre and post-synaptic markers using cell counter plugin in 10 µm 

dendrite. 

 

Similar analysis was performed in 20 µm of dendrite for the inhibitory markers VGAT+ 

and gephyrin+. 

Quantification of synaptophysin+/LAMP1+: 

Adquired images were saved by .lif files, which contained the relevant metadata. The .lif 

ŦƛƭŜ ǿŀǎ ƻǇŜƴŜŘ Ǿƛŀ ŘǊŀƎΩƴΩŘǊƻǇΦ After single stacks of every picture were open 

individually, z-stacks were made to select ǘƘŜ whL ŀƴŘ ǎƛȊŜ ƻŦ ǘƘŜ ŀǎǘǊƻŎȅǘŜǎ ό{мллʲ-

GFAP/LAMP1/synphys) and to quantify lysosomes and synaptic markers and their 

colocalization (LAMP1+/synphys+). A reduced number of z-stack was chosen to avoid 

synphys+ particles in dendrites on top of some astrocytes. With the plugin Spots 

colocalization (ComDet), particles were selected by size and intensity threshold (channel 

1: synphys+; channel 2: LAMP1+). For the colocalization the distance between spots' 

centers was defined by 1 pixel (figure 14). 
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Figure 14. Selected setting for the plugin Spots colocalization (ComDet). Particles were 

quantified attending to a 6 pixels size and certain intensity of the signal. The markers were 

considered to be colocalized when the maximum distance between spots was 1 pixel. 

 

2.13 Sholl analysis 
 

Following two weeks of culture, cells were fixed in 4% PFA for 20 min. IF-ICC was 

performed as previously described with chicken anti-MAP2 as primary antibody, goat 

anti-chicken IgG-Alexa 488 as secondary antibody and DAPI. Up to 14 cells from one 

ŎƻǾŜǊǎƭƛǇ ǿŜǊŜ ǊŀƴŘƻƳƭȅ ŎƘƻǎŜƴ ǳǎƛƴƎ ŀ ŎƻƴŦƻŎŀƭ ƳƛŎǊƻǎŎƻǇŜ όϤу ƻǇǘƛŎŀƭ ǎŜŎǘƛƻƴǎΣ лΦп ˃Ƴ 

step size, zoom 1). Images of labelled cells were imported into Fiji and a z-projection of 

the stack with maximum intensity was performed. The channels were split and the image 

showing the stained neuron MAP2+ was saved as 8-bit file. Neurites were traced using 

the semi-automated plugin Simple Neurite Tracer Version 3.1.6 (Longair et al. 2011). The 

common starting point of all paths was defined as soma center. Path length and 

distribution of dendritic branches over increasing distances from the soma were revealed 

by Sholl analysis from the same plugin (Ferreira et al. 2014). 
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2.14 Short interfering RNAs (siRNAs) for the downregulation of MEGF10  
 

I designed siRNAs complementary to the mRNA sequence of MEGF10 in rat (NCBI 

Reference Sequence: NM_001100657.1) using the siDesign Center (Dharmacon Research, 

Lafayette, Co, USA). Four different siRNA were chosen and synthesized, taken into 

account the next parameters: lower content of GC islands, higher score, not required 

sense modifications and different start positions in the sequence (table 6). The sequences 

were also submitted to a BLAST search in order to verify the specific targeting of the 

siRNAs to MEGF10 in rat, or the lack of targeting for any sequence for the Scr (Scramble) 

sequence. 

Name Sense sŜǉǳŜƴŎŜ рΩ-оΩ %GC Starting position 

siRNA1 GGACUGUACUGUAAUGAAAUU 

 

37 1194 

 

siRNA2 GGAAGAAUUCUGAGUACAAUU 

 

37 3049 

siRNA3 GGUUAUCAAUGCAGACUAUUU 

 

37 2717 

siRNA4 CCAACAGGAAUGUCUAUGAUU 42 3226 

  

Table 6. Sequences for siRNA. 

A non-targeting Scr ǎŜǉǳŜƴŎŜ όрΩ-CCUAAGGUUAAGUCGCCCUUU-оΩύ ǿŀǎ ǳǎŜŘ ŀǎ ŀ 

negative control. The siRNA was resuspended in nuclease-free water for a final 

concentration of 100 µM.  

Transfection of primary rat astrocytes was performed using Lipofectamine 2000 

ό¢ƘŜǊƳƻŦƛǎƘŜǊΣ Іммссулнтύ ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ƛƴǎǘǊǳŎǘƛƻƴǎΦ нпƘ ōŜŦƻǊŜ ǘƘŜ 

transfection, the medium was change to medium without antibiotics. The appropriate 

amount of siRNA was diluted in Opti-MEM I Reduced Serum (Thermofisher, #31985070) 

to work with a final concentration of 50nM or 100nM siRNA (figure 15). Lipofectamine 

2000 was diluted in Opti-MEM I Reduced Serum and incubated at room temperature (RT) 

for 5 minutes. Afterwards, the mix of Lipofectamine and siRNA was incubated at RT for 

20 min and added to the cells. Astrocytes were allowed to growth for 3 or 5 additional 
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days. Afterwards, cells were washed with cold PBS and harvested in Eppendorf tubes until 

they were used for Western Blot.  

 

 

Figure 15. Layout of primary astrocytes culture for the transfection with siRNA. 

 

As we were interested in longer- term MEGF10 reduction, most efficient siRNA sequences 

+ Lipofectamine were added to NAB cortical astrocytes in order analyzed the interaction 

of the  transfected astrocytes together with cortical neurons after 14DIV. In the end of 

this incubation, cells were treated with 10 µM FLX (figure 16). 

 

Figure 16. Layout of co-cultures neurons growing on astrocytes after the transfection with 
siRNA and the following FLX treatment. 
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2.15 RNA isolation, reverse transcription and qPCR 
 

Isolation of RNA from single-cultured astrocytes (DIV 7) grown on six well plates was 

performed based on the suggested protocol from Merck. Briefly, 1 ml of TRI Reagent 

(Sigma, T9424-100ml) was added to each well. After a short incubation for 5 min at room 

temperature, the solution containing the lysed cells was transferred to 1.5 ml reaction 

ǘǳōŜǎΣ нлл ˃ƭ ƻŦ ŎƘƭƻǊƻŦƻǊƳ ǿŀǎ ŀŘŘŜŘ ŀƴŘ ǘƘŜ ǎŀƳǇƭŜ ǿŀǎ ƳƛȄŜŘ ǘƘƻǊƻǳƎƘƭȅ ŦƻǊ мр ǎŜŎ 

to ensure phase separation during the subsequent 15 min centrifugation step with 12 000 

xg at 4°C (Centrifuge: Eppendorf 5415R, Rotor: F45- 24-11). The aqueous phase, 

ŎƻƴǘŀƛƴƛƴƎ wb!Σ ǿŀǎ ǘǊŀƴǎŦŜǊǊŜŘ ƛƴǘƻ ŀ ƴŜǿ ǊŜŀŎǘƛƻƴ ǘǳōŜ мр ŀƴŘ ƳƛȄŜŘ ǿƛǘƘ рлл ˃ƭ 

isopropanol. RNA was precipitated overnight at -20°C. The next day, after aspirating the 

supernatant, pelleted RNA (30 min, 12 000 xg, 4°C) was washed with 80% ice-cold ethanol 

by centrifuging for 30 min (12 000 xg, 4°C). Afterwards, the liquid was removed, and the 

pellet was air dried and then resuspended in an appropriate amount of RNase-free water 

and stored at -80°C. 

For reverse transcription the following kits were used: QuantTech Reverse Transcription 

Kit, Qiagen, Cat. Nr. 205311. QuantiTect SYBR Green PCR Kit, Qiagen, Cat. Nr. 204143. 

Genomic DNA elimination was conducted for 2 min at 42°C using following mix of 

reagents (table 7). 

Reagents 
 

Volume/Reaction 

gDNA Wipeout Buffer (7x) 2 ˃ l 
 

template RNA Up to 1 ˃ g 
 

RNase ς free water Up to final volume 
 

Total 14 ˃ l 
 

 

Table 7. Reagents required for genomic DNA elimination. 

Then, м ˃Ǝ ƻŦ ƛǎƻƭŀǘŜŘ wb! ǿŀǎ ƳƛȄŜŘ ǿƛǘƘ ǊŀƴŘƻƳ ƘŜȄŀƳŜǊ ǇǊƛƳŜǊ for the cDNA 

synthesis (table 8). 
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Reagents Volume/Reaction 
 

Quantitative reverse Transcriptase 1 ˃ l 
 

Quantitative RT Buffer(5x) 4 ˃ l 

RT primer mix (final 
concentration: 1 ˃M) 
 

1 ˃ l 
 

Total 6 ˃ l 
 

 

 

 

 

 

 

 

Table 8. Reagents and primers (from Metabion) required for cDNA synthesis. 

For reverse transcription the sample was incubated for 30 min at 42°C, then the reaction 

was stopped by heat inactivation at 95°C for 3 min. Complementary DNA (cDNA) was 

stored at -20°C. 

Primer were designed as intron spanning, in that way ensuring cDNA sequence specificity. 

The amplicon length of the target gene was 90 bp. Reactions were prepared as following 

ƛƴ мл ˃ƭ ǘǳōŜǎ όtable 9). 

Reagents Volume/Reaction 
 

2x Rotor gene SYBR Green PCR MM 
 

5 ˃ l 
 

1 ˃ M Primer forward 1 ˃ l 
 

1 ˃ M Primer reverse 1 ˃ l 
 

RNase ς free water 2 ˃ l 
 

cDNA (50 ˃g) 1 ˃ l 
 

 

Table 9. Reagents for Quantitative Real Time Polymerase Chain Reaction. 

A mixture without cDNA was used as non-template control for each primer. Qiagen cycler 

Rotor-Gene Q was programmed as below (Activation/Denaturation 45 cycles; table 10). 

Name of primers {ŜǉǳŜƴŎŜ рΩĄ оΩ 

rMEGF10 ς 90 F GGG CTG GAC AGA AGC 
TAC AT 

rMEGF10 ς 90 R CGA GCT GCT TAG GGA ACA 
AG 

rHPRT1 ς 115 F CAG GCC AGA CTT TGT TGG 
AT 

rHPRT1 ς 115 R TCC ACT TTC GCT GAT GAC 
AC 
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Activation  
 

95 °C 5 min 

Denaturation  
 

95 °C 15 sec 

Primer annealing and 
elongation 
 

60°C  
 

30 sec 

 

Table 10. Program in Qiagen cycler Rotor-Gene Q. 

Cycle threshold (Ct) -value was manually set in the linear phase of the amplification curve. 

Ct-values of the analysed target gene were normalized to reference gene HPRT, using 

subsequent formula: (Efficiency (HPRT)^ct(HTRP))/(Efficiency target gene^ct(target 

gene)). All efficiencies were assumed as 2. 

 

2.16  Statistical analysis 
 

For selection of the appropriate statistical test, the 5Ω!Ǝƻǎǘƛƴƻ ŀƴŘ tŜŀǊǎƻƴ ƻƳƴƛōǳǎ 

normality test was performed for each data set. Data are plotted as mean ± Standard 

error of the mean (SEM). Two-tailed Students t-test was used when comparing two 

groups. One-ǿŀȅ !bh±!Σ ŦƻƭƭƻǿŜŘ ōȅ 5ǳƴƴŜǘǘΩǎ or TukeyΩǎ comparison post hoc test or 

two-way ANOVA were used when comparing more than two groups. Differences were 

consider to be significant, when the p-value was equal or less than 5% (p<0.05 *), 1% 

(p<0.01**), 0.1% (p<0.001***), 0.01% (p<0.0001****). All graphs were obtained and 

data analyzed in GraphPad Prism version 8.0.1 for Windows, GraphPad Software, San 

Diego, California, USA. 

  



   

 

 

3 wŜǎǳƭǘǎ 
3.1 Astrocytes as targets of antidepressant (AD) drugs 

3.1.1 pERK protein expression in primary astrocytes 
 

Some studies perform gain or loss of function mutations by genetic tools, pharmacology, 

chemogenetic and optogenetic experiments to get some insights in the role of some 

genes, proteins or molecules in diseases. Previous work from our laboratory described 

that norepinephrine, a reuptake inhibitor activates both ERK1/2 (pERK1/2) in C6 cells. 

Those cells belongs to a cell line which shares similar ERK activation patterns with 

astrocytes in response to ADs and might therefore be used as astrocytic model to analyse 

an AD-dependent modulation of ERK activation (Di Benedetto et al. 2012). In other study 

with C6 cells, it was seen that treatment of amitriptyline, a tricyclic antidepressant, 

rapidly increased extracellular signal-regulated kinase (ERK) activity (Hisaoka et al. 2007). 

Therefore, the activation of ERK1/2 in astrocytes with other ADs treatment was analysed. 

²Ŝ ŦƻǳƴŘ ǘƘŀǘ !5ǎ ƻŦ ŘƛŦŦŜǊŜƴǘ ŎƭŀǎǎŜǎ ƛƴŘǳŎŜŘ ŀƴ ŜŀǊƭȅ ŀƴŘ ǎǳǎǘŀƛƴŜŘ όҗ нр҈ ƛƴŎǊŜŀǎŜύ 

in pERK activity in astrocytes (figure 17). This indicated that the activation of ERK1/2 in 

astrocytes is specific for all the analysed ADs. 
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Figure 17. Specific pERK1/2 modulation in astrocytes upon AD treatment. a) Astrocytes were 

treated with different antidepressants drugs showing an activation of both ERK1/ERK2 only after 

AD administration. (N=3-4: ERK1: * p< 0.05, ** p< 0.01, *** p< 0.001; ERK2: ++ p< 0.01). Values 

are plotted as means ± 95% CI (Confidence Interval at 95%). b) Representative Western blots 

show changes in relative amounts of pERK1/2 with respect to an internal control protein (HPRT) 

and to their respective control samples. Data provided by Di BenedettoΩǎ lab. 

 

3.2 Synaptic remodelling 

3.2.1 Analysis of synaptic densities in vitro and in vivo 

 

A synapse assay may be useful to determine the effect of either astrocyte-secreted 

molecule or membrane bound proteins on synapse formation and remodelling. The 

distribution of glutamatergic and GABAergic synapses around neuronal dendrite or whole 

neuron can be visualized by using a combination of presynaptic and postsynaptic marker 

proteins. Within this analysis, the colocalization of presynaptic and postsynaptic puncta 

reveals structurally accomplished - true synapses, which likely contribute to network 

connectivity (Ippolito and Eroglu, 2010). For the next analysis synaptophysin (synphys+) 

and postsynaptic density protein 95 (PSD95+) were used to visualize excitatory pre- and 

post-synaptic terminals while vesicular GABAergic transporter (VGAT+) and gephyrin 

(gephyrin+) were used to see inhibitory synaptic terminals. Synapses are indeed miniature 

structures, with a typical size range of 200 - 500 nm in diameter, based on electron 

microscopy data (Dzyubenko et al. 2016). Here we quantified synaptic densities in a total 

of 10-12 secondary and tertiary branches from different neurons from each condition.  

 

3.2.2 Excitatory synaptic densities in a monoculture model 
 

In the MAPK/ERK pathway, the phosphorylation of pERK1/2 molecules will activate 

transcription factors that control the expression of genes that are required for cell 

growth, differentiation and survival (Kim and Bar-Sagi 2004). ERK1/2 also regulates 

astrocyte morphology (Rossi et al. 2011; Fields et al. 2013). Due to astrocytes are 

modulators of synapses, it is proposed that changes in their plasticity and interaction 

could further affect the number and density of synapses. For that reason, it was examined 

weather 48h ADs treatment was accompanied by any change in neuronal synaptic 
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densities. First, experiments were conducted in single primary neuron to see the direct 

and acute effect of ADs on those cells. Primary cortical neurons from NAB rats grew for 

three weeks and were treated with five different ADs (DMI, MTZ, FLX, RBX and VLX). After 

treatments with 10 µM ADs for 48h, immunocytochemistry staining with specific 

antibodies for the pre- and post-synaptic marker were used. To asses synapse density, 

the number of pre- and postsynaptic puncta of mature excitatory synapses, synphys+ and 

PSD95+ respectively, as well as co-localisation of both markers was analysed. Co-

localization of both markers reflects a true synapse as it has been described with these 

and other markers. Synapses were quantified in secondary or tertiary branches from 

different dendrites, specifically on 10 µm of dendrite. However, no differences in the 

number of excitatory synaptic densities after 48h ADs were found in single cortical 

neurons (figure 18: Synphys+: C: n=3, 9.25 ± 0.30; DMI: n=3, 8.10 ± 0.51; MTZ: n=3, 8.62 

± 0.08; FLX: n=3, 8.17 ± 0.44; RBX: n=3, 8.53 ± 0.35; VLX: n=3, 8.27 ± 0.45. 

Synphys+/PSD95+: C: n=3, 5.71 ± 0.14; DMI: n=3, 5.03 ± 0.44; MTZ: n=3, 5.42 ± 0.36; FLX: 

n=3, 5.49 ± 0.32; RBX: n=3, 5.50 ± 0.28; VLX: n=3, 5.37 ± 0.42. PSD95+: C: n=3, 10.59 ± 

0.69; DMI: n=3, 9.90 ± 0.69; MTZ: n=3, 9.58 ± 0.40; FLX: n=3, 9.16 ± 0.16; RBX: n=3, 8.98 

± 0.60; VLX: n=3, 8.60 ± 0.80. Ordinary one-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ 5ǳƴƴŜǘǘΩǎ ƳǳƭǘƛǇƭŜ 

comparisons test). 
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Figure 18. Synaptic densities are not affected by any AD treatment in neurons alone. 

Quantitative analysis of presynaptic puncta synphys+, postsynaptic puncta PSD95+ and their co-

localization synphys+/PSD95+, representing true excitatory synapses (white dots and circles). Scale 

bar 1µm. n=3 (10-12 dendrites per treatment group). All data are represented as mean ± SEM. 

Ordinary one-ǿŀȅ !bh±! ǿƛǘƘ ōȅ 5ǳƴƴŜǘǘΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ post hoc test. 

Statistics: 

Parameter ADs effects 

C vs. treatment for synphys+ F (5, 12) = 1.212, p=0.3611 
C vs. treatment for synphys+/PSD95+   F (5, 12) = 0.4083, p=0.8341 

C vs. treatment for PSD95+ F (5, 12) = 1.417, p=0.2866 
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3.2.3 Inhibitory synaptic densities in a monoculture model 
 

Inhibitory synaptic densities were analysed in primary cortical neurons in order to see 

whether they could be also affected by AD treatment. VGAT+ and Gephyrin+ puncta, 

corresponding to inhibitory markers in the pre-synaptic bottom or post-synaptic terminal 

were analysed. The quantification was made on 20 µm of the dendrite. No differences 

were found between the control and different treatments after 48h ADs (figure 19, 

VGAT+: C: n=3, 12.66 ± 1.52; DMI: n=3, 12.51 ± 0.50; MTZ: n=3, 11.86 ± 1.43; FLX: n=3, 

11.01 ± 0.79; RBX: n=3, 11.63 ± 0.87; VLX: n=3, 12.89 ± 1.09. VGAT+/ Gephyrin+: C: n=3, 

8.34 ± 1.56; DMI: n=3, 8.40 ± 0.14; MTZ: n=3, 8.26 ± 0.93; FLX: n=3, 5.49 ± 0.23; RBX: n=3, 

7.21 ± 0.39; VLX: n=3, 8.54 ± 0.34. Gephyrin+: C: n=3, 16.84 ± 1.59; DMI: n=3, 16.57 ± 0.21; 

MTZ: n=3, 15.90 ± 0.95; FLX: n=3, 13.55 ± 1.17; RBX: n=3, 14.95 ± 0.98; VLX: n=3, 16.79 ± 

1.49. Ordinary one-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ 5ǳƴƴŜǘǘΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎons test). 
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Figure 19. Number of inhibitory synapses is kept after ADs treatment in a monoculture of 

cortical neurons. Quantitative analysis of VGAT+ and Gephyrin+ -presynaptic and postsynaptic 

elements respectively- and their colocalization representing true inhibitory synapses (white 

circles). Scale bar 2µm. n=4, 10-12 dendrites per treatment group. All data are represented as 

mean ± SEM. Ordinary one-ǿŀȅ !bh±! ǿƛǘƘ ōȅ 5ǳƴƴŜǘǘΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ post hoc test.  

 

Statistics: 

Parameter ADs effects 

C vs. treatment for VGAT+ F (5, 12) = 0.4268, p=0.8214 
C vs. treatment for VGAT+/ gephyrin+ F (5, 12) = 0.7437, p=0.6057 

C vs. treatment for VGAT+        F (5, 12) = 1.252, p=0.3450 
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3.2.4 Excitatory synaptic densities in a co-culture model after 48h and 120h 

continuous AD treatment  
 

Neurons interact with a number of glial cells in the brain. Our particular interest was to 

study the interaction of cortical astrocytes on neurons in vitro, and see how AD treatment 

could affect this interaction. Interactions between cortical neurons co-culture with 

primary cortical astrocytes were analysed. These cells in co-culture grew for two weeks. 

After this time point, they were treated with 10 µM ADs for continuous 48h and 120h. 

Immunofluorescent- immunocytochemical staining of excitatory synaptic markers was 

performed. Interestingly in this case, a reduction in synaptic densities after 48h 

continuous ADs treatment was observed. The significant difference was found with the 

five different ADs, in terms of the pre-synaptic and post-synaptic marker but what is more 

important in the number of true synapses (figure 20, Synphys+: C: n=4, 10.98 ± 0.87; DMI: 

n=4, 7.89 ± 0.38; MTZ: n=4, 8.07 ± 0.82; FLX: n=4, 7.44 ± 0.86; RBX: n=4, 7.24 ± 0.58; VLX: 

n=4, 7.12 ± 0.36. Synphys+/PSD95+: C: n=4, 7.34 ± 0.53; DMI: n=4, 4.8 ± 0.47; MTZ: n=4, 

5.01 ± 0.23; FLX: n=4, 4.43 ± 0.45; RBX: n=4, 4.34 ± 0.23; VLX: n=4, 4.67 ± 0.33. PSD95+: C: 

n=4, 10.94 ± 0.30; DMI: n=4, 8.47 ± 0.81; MTZ: n=4, 8.33 ± 0.56; FLX: n=4, 8.32 ± 0.33; 

RBX: n=4, 8.27 ± 0.41; VLX: n=4, 8.28 ± 0.52. Ordinary one-way ANOVA followed by 

5ǳƴƴŜǘǘΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ ǘŜǎǘύΦ 

 

Contrarily to 48h treatment of ADs, 120h continuous AD treatment did not exert any 

effect on excitatory synaptic densities. Indeed the number of excitatory synapses after 

120h ADs went back to baseline levels (figure 21, Synphys+: C: n=3, 10.28 ± 0.28; DMI: 

n=3, 10.72 ± 0.69; MTZ: n=3, 10.19 ± 0.64; FLX: n=3, 9.76 ± 0.49; RBX: n=3, 10.18 ± 0.55; 

VLX: n=3, 9.82 ± 0.35. Synphys+/PSD95+: C: n=3, 6.99 ± 0.15; DMI: n=3, 6.95 ± 0.86; MTZ: 

n=3, 6.49 ± 0.50; FLX: n=3, 5.59 ± 0.09; RBX: n=3, 6.15 ± 0.23; VLX: n=3, 6.38 ± 0.22. 

PSD95+: C: n=3, 9.91 ± 0.41; DMI: n=3, 10.77 ± 0.40; MTZ: n=3, 10.13 ± 0.68; FLX: n=3, 

9.62 ± 0.11; RBX: n=3, 9.78 ± 0.32; VLX: n=3, 9.48 ± 0.46. Ordinary one-way ANOVA 

ŦƻƭƭƻǿŜŘ ōȅ 5ǳƴƴŜǘǘΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ ǘŜǎǘύΦ 
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Figure 20. Reduction of excitatory synaptic densities in cortical neurons growing with cortical 

astrocytes. Quantitative analysis of presynaptic puncta synphys+, postsynaptic puncta PSD95+ and 

their co-localization synphys+/PSD95+, representing true excitatory synapses (white dots and 

circles) in 10 µm of dendrite from cortical neurons growing with cortical astrocytes. n=3, 10-12 

dendrites per treatment group. All data are represented as mean ± SEM. * p<0.05; ** p<0.01; *** 

p<0.001. Ordinary one-ǿŀȅ !bh±! ǿƛǘƘ ōȅ 5ǳƴƴŜǘǘΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ post hoc test.  

 
Statistics 

Parameter ADs effects 

C vs. treatment for synphys+   F (5, 18) = 4.926, p=0.0051** 
C vs. treatment for synphys+/PSD95+     F (5, 18) = 8.049, p=0.0004*** 

C vs. treatment for PSD95+ F (5, 18) = 4.177, p=0.0107* 
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Figure 21. No effects in excitatory synaptic densities in cortical neurons growing with cortical 

astrocytes after 120h continuous AD treatment. Quantitative analysis of presynaptic puncta 

synphys+, postsynaptic puncta PSD95+ and their colocalization synphys+/PSD95+, representing 

true excitatory synapses (white dots) in 10 µm of dendrite from cortical neurons growing with 

cortical astrocytes. n=3, 10-12 dendrites per treatment group. All data are represented as mean 

± SEM. Ordinary one-ǿŀȅ !bh±! ǿƛǘƘ ōȅ 5ǳƴƴŜǘǘΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ Ǉƻǎǘ ƘƻŎ ǘŜǎǘ.  

 

Statistics: 

Parameter ADs effects 

C vs. treatment for synphys+ F (5, 12) = 0.436, p=0.8150 
C vs. treatment for synphys+/PSD95+ F (5, 12) = 1.454, p=0.2750 

C vs. treatment for PSD95+ F (5, 12) =1.124, p=0.3986 
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3.2.5 Analysis of inhibitory synaptic densities in co-culture model 
 

An alteration in the balance between excitatory and inhibitory neurotransmission could 

be one of the reasons behind the development of psychiatric disorders (Rubenstein and 

Merzenich, 2003; Selten, van Bokhoven and Nadif Kasri, 2018). For that reason and in 

order to see which type of synapses are target of AD treatment, inhibitory synapses were 

quantified in the co-culture model. Neither VGAT+/Gephyrin+ co-localization nor analysis 

of single markers reflected any change after AD treatment (figure 22, VGAT+: C: n=3, 9.31 

± 0.50; DMI: n=2, 7.85 ± 0.47; MTZ: n=3, 10.54 ± 1.48; FLX: n=3, 8.15 ± 1.36; RBX: n=3, 

9.66 ± 0.74; VLX: n=3, 9.18 ± 0.78. VGAT+/Gephyrin+: C: n=3, 4.12 ± 0.42; DMI: n=2, 4.13 

± 0.24; MTZ: n=3, 4.63 ± 0.76; FLX: n=3, 3.52 ± 0.52; RBX: n=3, 4.01 ± 0.15; VLX: n=3, 3.67 

± 0.53. Gephyrin+: C: n=3, 13.30 ± 0.31; DMI: n=2, 12.49 ± 0.73; MTZ: n=3, 12.25 ± 0.31; 

FLX: n=3, 11.37 ± 1.62; RBX: n=3, 11.14 ± 1.42; VLX: n=3, 11.53 ± 1.12. Ordinary one-way 

!bh±! ŦƻƭƭƻǿŜŘ ōȅ 5ǳƴƴŜǘǘΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ ǘŜǎǘύΦ 
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Figure 22. Number of inhibitory synapses is not changed after ADs treatment in the presence 
of cortical astrocytes. Quantitative analysis of VGAT+ and Gephyrin+, presynaptic and 
postsynaptic elements respectively and their co-localization representing true inhibitory synapses 
on 20 µm of cortical neurons growing with cortical astrocytes. n=3, 10-12 dendrites per treatment 
group. All data are represented as mean ± SEM. Ordinary one-ǿŀȅ !bh±! ǿƛǘƘ ōȅ 5ǳƴƴŜǘǘΩǎ 
multiple comparisons post hoc test.  

 
Statistics: 

Parameter ADs effects 

C vs. treatment for VGAT+ F (5, 11) = 0.8573, p=0.5384 
C vs. treatment for VGAT+/ gephyrin+  F (5, 11) = 0.6160, p=0.6906 

C vs. treatment for gephyrin+ F (5, 11) =0.5692, p=0.7225 
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3.2.6 Examination amount of microglia in co-cultures 
 

Microglial cells are the brain-resident macrophages. The presence of those cells in our co-

culture model could influence the results and interpretation of the data due to microglia 

are able to phagocyte debris and synapses. For this reason, microglial cells were 

quantified in areas obtained at 20x magnification to get a larger approach, and 63x as it 

is the same magnification as the analysis of synaptic densities was made (figure 23). The 

proportion microglia varies from 5% to 12% in different areas of the brain (Lawson et al. 

1990). In our co-culture a 2% of cells was quantified to be Iba1+, a microglial marker.  

 

 

 

 

 

 

 

 

 

63x 

 
 
 
 
 
 
 
 
 

  

Figure 23. Representative images of 

astrocytes on the bottom of the 

coverslip from co-cultures neurons 

and astrocytes at 20x or 63x 

magnification. a) Astrocytes (red) 

might grow with other glial cells such 

as microglia (green), but the 

percentage of those cells remains 

very low in all the analysed 

experiments. b) Astrocytes (red) on 

the bottom growing with neurons in 

the absence of microglial cells. Scale 

bars 50µm. 

  63x 

 

 

20x 63x 
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3.2.7  Excitatory synaptic densities in a monoculture model in the presence of 

Astrocyte Neuron Condition Media (ANCM) 
 

Factors released from astrocytes or neurons (i.e. TSP, glypicans) may influence 

synaptogenesis or synapse refinement and may mediate AD efficacy (Christopherson et 

al., 2005; Allen et al., 2012). For that reason, it was examined whether administration of 

astrocyte-neuron AD-conditioned media (ANCM) to neurons alone would be sufficient to 

induce the reduction in the excitatory synaptic density. ANCM + ADs were extracted from 

co-cultures and added to neurons alone. No differences were found after AD treatment 

compared to control when the ANCM was added for short term (48h; figure 24a, 

Synphys+: C: n=3, 9.89 ± 0.93; DMI: n=3, 9.75 ± 0.77; MTZ: n=3, 9.26 ± 1.43; FLX: n=3, 8.72 

± 0.71; RBX: n=3, 9.25 ± 0.38; VLX: n=3, 9.22 ± 0.26. Synphys+/PSD95+: C: n=3, 6.50 ± 0.87; 

DMI: n=3, 6.23 ± 0.54; MTZ: n=3, 6.39 ± 0.25; FLX: n=3, 5.66 ± 0.56; RBX: n=3, 6.20 ± 0.49; 

VLX: n=3, 6.07 ± 0.46. PSD95+: C: n=3, 11.14 ± 1.00; DMI: n=3, 11.17 ± 0.96; MTZ: n=3, 

11.38 ± 1.03; FLX: n=3, 10.39 ± 1.20; RBX: n=3, 10.81 ± 0.66; VLX: n=3, 11.90 ± 0.92). No 

differences were found in the presence of ANCM and after longer term treatments (120h; 

figure 24b, Synphys+: C: n=3, 11.20 ± 0.52; DMI: n=3, 10.81 ± 0.42; MTZ: n=3, 11.61 ± 

0.38; FLX: n=3, 10.78 ± 0.33; RBX: n=3, 10.44 ± 0.55; VLX: n=3, 10.70 ± 0.53. 

Synphys+/PSD95+: C: n=3, 7.80 ± 0.20; DMI: n=3, 7.57 ± 0.29; MTZ: n=3, 7.96 ± 0.26; FLX: 

n=3, 7.33 ± 0.08; RBX: n=3, 7.58 ± 0.56; VLX: n=3, 7.92 ± 0.52. p=0.9232. PSD95+: C: n=3, 

12.63 ± 0.70; DMI: n=3, 12.03 ± 0.97; MTZ: n=3, 12.32 ± 0.26; FLX: n=3, 11.48 ± 0.58; RBX: 

n=3, 11.37 ± 0.55; VLX: n=3, 13.14 ± 0.66. Ordinary one-way ANOVA followed by 

5ǳƴƴŜǘǘΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ ǘŜǎǘύΦ Lƴ ǘƘŜ ŀōǎŜƴŎŜ ƻŦ ŀǎǘǊƻŎȅǘŜǎΣ ǘƘŜǊŜ ƛǎ ƴƻ ǊŜŘǳŎǘƛƻƴ 

in the number of synaptic densities after 48h continuous ADs treatment. These results 

indicate that a membrane-bound protein may be mediating those effects after AD 

treatment.  
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Figure 24. Factors found in ANCM are not sufficient to reduce the number of synaptic densities 

in a primary culture of neurons. Quantitative analysis of synphys+ and PSD95+, presynaptic and 

postsynaptic puncta respectively, and their co-localization representing true excitatory synapses 

on 10 µm of dendrite. Neurons grew alone until reaching a mature state and ANCM+ADs were 

added for short (48h) or long time points (120h). n=3, 10-12 dendrites per treatment group. Data 

are represented as mean ± SEM. Ordinary one-ǿŀȅ !bh±! ǿƛǘƘ ōȅ 5ǳƴƴŜǘǘΩǎ ƳǳƭǘƛǇƭŜ 

comparisons post hoc test.  

 

Statistics: 

Parameter ANCM+ADs for 48h ANCM+ADs for 120h 

C vs. treatment for 
synphys+ 

F (5, 12) = 0.4670, 
p=0.7937 

 F (5, 12) = 0.7927, 
p=0.5750 

C vs. treatment for 
synphys+/PSD95+ 

 F (5, 12) =0.2658, 
p=0.9232 

 F (5, 12) =0.4421, 
p=0.8110 

C vs. treatment for 
PSD95+ 

 F (5, 12) = 0.2715, 
p=0.9201 

 F (5, 12) = 1.302,  
p=0.3264 

 

  

a) b) 
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3.2.8  Analysis synaptic densities ex vivo in the rat PFC : synaptic signal intensity 
 

Next step was to analyse what happens with synaptic densities after AD treatment in the 

brain of rats, in which the effects of ADs in the brain can be related to more real 

conditions. As it has been previously described by our group, ADs inhibit neuronal 

pERK1/2 in the prefrontal cortex (PFC) of adult mice shortly after drug treatment (Di 

Benedetto et al. 2013). Next it was evaluated whether ADs induced synaptic remodelling 

in adult rat brains, as in our co-culture experiments. NAB rats were injected i.p. with FLX 

for 48h, after this time point, they were killed and brains processed for 

inmmunofluorescence. Synaptic signal intensity in terms of the quantification of the pre-

synaptic marker was analysed. Interestingly, FLX treatment significantly reduced synaptic 

density in the PFC after 48 hrs of drug treatment (figure 25), whereas both the CA1 and 

CA3 regions of the hippocampus were not affected (figure 26). This data may suggest that 

the origin/location of astrocytes might be more relevant for the remodelling effect.  
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Figure 25. FLX treatment for 48h induces a synaptic remodelling ex vivo in the adult rat PFC with 

the highest dose (D2) of FLX. Pictures showing MAP2+ dendrites helped in the normalization of 

data across-sections; synphysin+ signal indicates pre-synaptic signal intensity. {ŎŀƭŜ ōŀǊΥ мл ˃ƳΦ 

n=4, data are expressed as mean ± SEM. *p< 0.05. One-way ANOVA followed DunnettΩǎ ǘŜǎǘ ǿŀǎ 

used for the statistical analysis. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 26. FLX treatment for 48h do not induce any change in synaptic signal intensity in the rat 

hippocampus (areas CA1 and CA3). Ex vivo experiments show MAP2+ dendrites and synphysin+ 

labelling pre-synaptic signal intensity. n=4, data are represented as mean ± SEM. One-way ANOVA 

followed DunnettΩǎ ǘŜǎǘ ǿŀǎ ǳǎŜŘ ŦƻǊ ǘƘŜ ǎǘŀǘƛǎǘƛŎŀƭ ŀƴŀƭȅǎƛǎΦ 

tǊŜŦǊƻƴǘŀƭ ŎƻǊǘŜȄ όпуƘύ 

IƛǇǇƻŎŀƳǇǳǎ /!м όпуƘύ 

IƛǇǇƻŎŀƳǇǳǎ /!о όпуƘύ 
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3.2.9  Analysis synaptic markers ex vivo in the rat PFC   
 

A semi-quantitative analysis was also performed with the PFC samples from the rats 

which had saline and FLX treatment. By means of western blot I could observe a reduction 

in the relative amount of the presynaptic marker, synaptophysin (figure 27 b, control n=5, 

1 ± 0.02; FLX n=5, 0.66 ± 0.10), and in the relative amount of the post-synaptic marker 

PSD95 (figure 27 c, control n=6, 1 ± 0.08; FLX n=5, 0.68 ± 0.11).  

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 27. Western blot data from the rat PFC after saline (control) or FLX treatment. a) 
Representative western blot of synaptophysin (synphys) and PSD95 with their internal controls. 
b) Relative amount of synaptophysin expression (also in %) normalized to cofilin and relative to 
control levels. c) Relative amount of PSD95 expression (also in %) ƴƻǊƳŀƭƛȊŜŘ ǘƻ ʲ-Actin and 
relative to control levels. n=5-6 animals. Data are represented as mean ± SEM. Student t-test was 
used for the statistical analysis. 
 

Control                               FLX  

PSD95 
(95KDa) 

ʲ !Ŏǘƛƴ 
(42KDa) 

     Control                  FLX  

Cofilin 
 (19KDa) 

Synphys 
 (38KDa) 

a) 

c) 
b) 

c) 
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Statistics: 
 

Parameter Statistic data 

Synphys  T8 = 3.166, p=0.0133 * 
PSD95 T9 = 2.302; p=0.0468 * 

 

 

3.2.10  Excitatory synaptic densities in the presence of hippocampal astrocytes 
 

I decided to check in our co-culture model in vitro what is the interaction between cortical 

or hippocampal neurons co-cultured with hippocampal astrocytes. The in vitro model will 

help to understand the role of different type of astrocytes originated in different areas. 

As it has been previously described both cell types grew together for two weeks and were 

treated with ADs for 48h. After this time point, excitatory synaptic densities were 

analysed in 10 µm of dendrite but no effect in the number of synaptic densities was 

observed in the presence of hippocampal astrocytes (for cortical neurons figure 28 a, 

Synphys+: C: n=3, 8.11 ± 0.41; DMI: n=3, 8.53 ± 0.71; MTZ: n=3, 8.61 ± 0.49; FLX: n=3, 8.39 

± 0.30; RBX: n=3, 9.35 ± 0.04; VLX: n=3, 8.37 ± 0.47. Synphys+/PSD95+: C: n=3, 5.71 ± 0.23; 

DMI: n=3, 5.76 ± 0.48; MTZ: n=3, 6.11 ± 0.33; FLX: n=3, 5.96 ± 0.03; RBX: n=3, 6.24 ± 0.12; 

VLX: n=3, 5.89 ± 0.11. PSD95+: C: n=3, 11.88 ± 0.46; DMI: n=3, 11.97 ± 0.26; MTZ: n=3, 

11.02 ± 0.18; FLX: n=3, 11.13 ± 0.44; RBX: n=3, 10.93 ± 0.90; VLX: n=3, 11.63 ± 0.64. For 

hippocampal neurons, figure 28 b, Synphys+: C: n=3, 9.32 ± 0.46; DMI: n=3, 9.38 ± 0.37; 

MTZ: n=3, 9.01 ± 0.39; FLX: n=3, 9.44± 0.45; RBX: n=3, 9.59 ± 0.29; VLX: n=3, 9.74 ± 0.32. 

Synphys+/PSD95+: C: n=3, 6.41 ± 0.26; DMI: n=3, 6.30± 0.25; MTZ: n=3, 6.26 ± 0.32; FLX: 

n=3, 6.45 ± 0.12; RBX: n=3, 6.52 ± 0.21; VLX: n=3, 6.80 ± 0.21. PSD95+: C: n=3, 11.84 ± 

0.431; DMI: n=3, 11.93 ± 0.33; MTZ: n=3, 11.93 ± 0.27; FLX: n=3, 12.47 ± 0.26; RBX: n=3, 

12.24 ± 0.17; VLX: n=3, 11.92 ± 0.77. Ordinary one-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ 5ǳƴƴŜǘǘΩǎ 

multiple comparisons test). This data goes in parallel with results ex vivo, indicating our 

in vitro model is a validated model useful to study the interaction between astrocytes-

neurons. 
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Figure 28. Synaptic densities are not affected by any AD treatment when cortical neurons a) or 

hippocampal neurons b) are growing with hippocampal astrocytes. Quantitative analysis of 

Synphys+ and PSD95+, presynaptic and postsynaptic puncta respectively and their colocalization 

on 10 µm dendrites when cortical neurons (a) or hippocampal neurons (b) are growing with 

hippocampal astrocytes. n=3, 10-12 dendrites per treatment group. All data are represented as 

mean ± SEM. Ordinary one-ǿŀȅ !bh±! ǿƛǘƘ ōȅ 5ǳƴƴŜǘǘΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ post hoc test.  

 

Statistics: 

Parameter ADs effects (a) ADs effects (b) 

C vs. treatment for 
synphys+ 

F (5, 12) = 0.8647, 
p=0.5320 

 F (5, 12) = 0.4138, 
p=0.8303 

C vs. treatment for 
synphys+/PSD95+ 

 F (5, 12) = 0.5757, 
p=0.7181 

 F (5, 12) = 0.6603, 
p=0.6603 

C vs. treatment for 
PSD95+ 

 F (5, 12) =0.5399, 
p=0.7429 

F (5, 12) =0.3670, 
p=0.8615 

 

 

  

a) b) 
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3.3 Evidences of the astrocyte-dependent remodelling of synapses 

3.3.1 Analysis MEGF10 expression in the rat PFC  
 

As we found a decrease synaptic signal intensity in the rat PFC after short AD treatment, 

we then looked at the effects of ADs on astrocytes. FLX also increased MEGF10 expression 

in astrocytes of the PFC thereby confirming the specificity of the drug effect in this cell 

type (figure 29). 

 

 

Figure 29. FLX treatment induces an increased MEGF10 expression in astrocytes. Quantitative 
analysis of the pixel intensity for MEGF10 (green) in the astrocytes (red) of the rat PFC after FLX 
injections for 48h. Increased expression of MEGF10 phagocytic protein in astrocytes is marked 
with arrows. Scale bar: 5л ˃Ƴ. Data are represented as mean ± SEM; n=3. Unpaired t-test 
*p<0.05. 
 

3.3.2 Analysis of MEGF10 protein amount in PFC 

 

Next, the total relative amount of MEGF10 was measured in the PFC. FLX treatment for 

48h increased MEGF10 protein level (figure 30, control n=6, 1 ± 0.06; FLX n=6, 1.68 ± 

0.22). As to conclude, the reduction of synaptic signal intensity observed in vitro and in 

vivo correlates with an increase in expression of the phagocytic receptor MEGF10 in 

astrocytes. 
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Figure 30. Western blot data from the rat PFC after saline (control) or FLX treatment. a) 

Representative western blot of MEGF10. b) Relative amount of MEGF10 expression (also in %) 

ƴƻǊƳŀƭƛȊŜŘ ǘƻ ʲ-Actin and relative to control levels. n=6. Data are represented as mean ± SEM. 

Student t-test was used for the statistical analysis. 

 

Statistics: 

Parameter Statistic data 

MEGF10  t10 = 2.922, p=0.0152 * 

 

3.3.3 Analysis of MEGF10 in primary cortical astrocytes 
 

Chung and colleagues found that MEGF10 is a receptor in astrocytes that work as 

mediator of astrocyte-dependent synaptic pruning in young and adult brains. Expression 

of the membrane-bound receptor MEGF10 is thought to be restricted to astrocytes in the 

CNS. It is particularly highly express during development in order to refine neuronal 

circuits but less prominent afterwards (Chung et al. 2013). Therefore, we investigated 

whether this protein might be a pharmacological target of ADs. Immunofluorescent-

immunocytochemical staining was performed in a primary culture of cortical astrocytes. 

FLX treatment for 48h increased MEGF10 expression primary cortical astrocytes (figure 

31), suggesting that a higher expression of MEGF10 could be correlated with a decrease 

in the number of synaptic densities. 

      Control                     FLX  

MEGF10 
(121KDa) 

ɰ !Ŏǘƛƴ 
(42KDa) 

a) 

b) 
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Figure 31. FLX treatment induces an increased MEGF10 expression in a primary culture of 
astrocytes. FLX treatment induced an increased expression of MEGF10 (green) per astrocytes in 
a primary culture after 48 hrs drug treatment. Scale bar: 7л ˃Ƴ. Data are represented as mean ± 
SEM, every symbol represents the number of astrocytes in the analysis. Unpaired t-test **p<0.01. 
5ŀǘŀ ǇǊƻǾƛŘŜŘ ōȅ 5ƛ .ŜƴŜŘŜǘǘƻΩǎ ƭŀōΦ 
 

 

3.3.4 Analysis of MEGF10 protein amount in astrocytes from cortical regions 
 

Next it was analysed whether an increase of MEGF10 was found in a primary culture of 

astrocytes after 10 µM ADs treatment (figure 32, C: n=13, 100 ± 4.75; DMI: n=12, 115.9 ± 

8.60; FLX: n=14, 118.6 ± 8.24. One-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ 5ǳƴƴŜǘǘΩǎ ƳǳƭǘƛǇƭŜ 

comparisons test). This drug treatment showed variable results in the total amount of 

MEGF10, but neither DMI nor FLX did not change the expression of this protein 

significantly.  

 

 

70KDa 

100KDa 

       C                  DMI                 FLX 
a) b) 
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Figure 32. Western blot data from primary cortical astrocytes after 10 µM DMI or FLX 

treatment. a) Representative western blot of MEGF10 on primary cortical astrocytes from NAB. 

b) Percentage of MEGF10 expression ƴƻǊƳŀƭƛȊŜŘ ǘƻ ʲ-Actin and relative to control levels. n=13-

14. Data are represented as mean ± SEM. Ordinary one-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ 5ǳƴƴŜǘǘΩǎ 

multiple comparisons test. 

 

Statistics: 

 

 

 

3.3.5 Evidences MEGF10 is mediating the astrocyte-dependent remodelling of 

synapses  

 

The next experiments were performed in order to see whether a blockade in the 

signalling pathway triggering the induction of MEGF10 or the genetic downregulation of 

MEGF10 could have an effect in the remodelling of synapses mediated by astrocytes and 

upon AD treatment. Furthermore, the MEGF10 phagocytic pathway could be implicated, 

therefore experiments that could reveal the participation of astrocytes in phagocytosis 

were performed. 

 

3.3.6 Effects of inhibitor U0126 on the number of synapses 
 

Given that MEGF10 is induced by ERK1/2 activation in glia cells, we next examined the 

significance of astrocytic ERK1/2 inhibition and therefore MEGF10 inhibition for synaptic 

reduction (Napoli et al. 2012). In order to see if the remodelling effect on synapses 

depends on AD-dependent ERK1/2 activation in astrocytes, the U0126 inhibitor was 

administered 30 minutes before AD treatment. This inhibitor is a synthesized organic 

compound that inhibit the kinase activity. As seen in figure 20, upon AD treatment, there 

is a reduction in pre- and post-synaptic markers, as well as in the number of synapses 

(figure 33, coloured bars, Synphys+: N=3, C: 10.13 ± 0.33; DMI: 7.71 ± 0.47; MTZ: 7.25 ± 

0.09; FLX: 6.69 ± 0.69; RBX: 6.78 ± 0.50; VLX: 7.31 ± 0.43. Synphys+/PSD95+: N=3, C: 6.82 

± 0.18; DMI: 4.72 ± 0.66; MTZ: 4.83 ± 0.22; FLX: 4.16 ± 0.52; RBX: 4.16 ± 0.22; VLX: 4.94 ± 

0.27. PSD95+: N=3, C: 10.66 ± 0.13; DMI: 7.74 ± 0.49; MTZ: 7.96 ± 0.59; FLX: 8.10 ± 0.34; 

MEGF10 levels cortical astrocytes ADs effects 

C vs. DMI  F (2,36)=1.862, p= 0,2460 
C vs. FLX F (2,36)=1.862, p= 0,1402 



 Results  

81 
 

RBX: 8.03 ± 0.48; VLX: 8.00 ± 0.61). On the other hand, it can be observed that in the 

presence of the inhibitor the effect of ADs are gone (figure 35 striped bars, Synphys+: 

N=3, C: 10.63 ± 0.33; DMI: 12.02 ± 0.47; MTZ: 9.67 ± 0.09; FLX: 10.72 ± 0.69; RBX: 9.93 ± 

0.50; VLX: 9.66 ± 0.43. Synphys+/PSD95+: N=3, C: 6.76 ± 0.158; DMI: 7.00 ± 0.50; MTZ: 

5.91 ± 0.68; FLX 6.65 ± 0.36; RBX: 6.67 ± 0.89; VLX: 6.12 ± 0.21. PSD95+: N=3, C: 10.63 ± 

0.86; DMI: 9.93 ± 0.46; MTZ: 9.13 ± 0.51; FLX: 9.32 ± 0.59; RBX: 10.59 ± 0.54; VLX: 10.36 

± 0.63. Ordinary one-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ 5ǳƴƴŜǘǘΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ ǘŜǎǘύΦ 

There is not reduction in the number of synapses in the presence of astrocytes when they 

are pre-treated with U0126.  

 

Figure 33. The pharmacological inhibition of ERK1/2 activation with U0126 prior AD treatment 

is sufficient to hamper drug effects on synapses in co-culture. In the left part of every graph 

(coloured bars) the number of synaptic densities after the effects of different ADs can be 

observed. ADs trigger a reduction in the number of excitatory synapses (as seen in figure 20). In 

the right part (striped bars) it can be seen the effects of U0126 on the astrocyte-mediated 

remodelling of synapses. All data are represented as mean ± SEM; n=3 (10-12 dendrites per 

condition group). * p<0.05; ** p<0.01. Ordinary one-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ 5ǳƴƴŜǘǘΩǎ ƳǳƭǘƛǇƭŜ 

comparisons test. 

 

Statistics: 

Condition Parameter ADs effects 

 
-U0126 

 C vs. treatment for synphys+ F (5, 12) = 7.145, p=0.0026** 
C vs. treatment for 
synphys+/PSD95+ 

F (5, 12) = 6.275, p=0.0044** 

C vs. treatment for PSD95+ F (5, 12) = 5.396, p=0.0079** 
 

+U0126 
C vs. treatment for synphys+ F (5, 12) = 2.042, p=0.1443 
C vs. treatment for 
synphys+/PSD95+ 

F (5, 12) = 0.5006, p=0.7704 

C vs. treatment for PSD95+ F (5, 12) = 1.099, p=0.4102 
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3.3.7 MEGF10 knockdown via siRNA 
 

I designed siRNA against MEGF10 mRNA (see table 6), and transfected NAB astrocytes for 

3 and 5 DIV. Two concentrations that were added to the cells, 50 nM and 100 nM, for 3 

and 5 days in order to have preliminary results about the efficacy of knockdown of 

MEGF10. The lowest concentration showed the highest reduction in the expression of 

MEGF10 (122 kDa) by means of western blotting (figure 34, relative MEGF10 protein 

after 50nM 3DIV: C: n=5, 1.0 ± 0.06; Scr: n=5, 0.99 ± 0.04; si1: n=5, 0.59 ± 0.06; si2: n=5, 

0.45 ± 0.02; si3: n=5, 0.54 ± 0.08; si4: n=3, 0.43 ± 0.08. Figure 35, relative MEGF10 protein 

expression after 50nM 5 DIV: C: n=4, 1.0 ± 0.06; Scr: n=4, 0.88 ± 0.19; si1: n=4, 0.84 ± 

0.12; si2: n=4, 0.58 ± 0.07; si3: n=4, 0.46 ± 0.10; si4: n=4, 0.51 ± 0.03. One-way ANOVA 

ǿƛǘƘ ōȅ 5ǳƴƴŜǘǘΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ post hoc test). Taking this data into account, two 

of the best siRNA sequences were chosen for triggering a reduction in MEGF10 in future 

experiments. On the other hand, with the highest concentration (100nM) a reduction in 

MEGF10 was not achieved (Figure 36, relative MEGF10 protein expression after 100nM 

5 DIV: C: n=2, 1.0 ± 0.03; Scr: n=3, 1.01 ± 0.04; si1: n=4, 0.95 ± 0.10; si2: n=3, 0.87 ± 0.02; 

si3: n=3, 0.96 ± 0.17; si4: n=4, 1.88 ± 0.49. One-waȅ !bh±! ǿƛǘƘ ōȅ 5ǳƴƴŜǘǘΩǎ ƳǳƭǘƛǇƭŜ 

comparisons post hoc test). Besides these evidences, several reports indicate that siRNA 

ŎƻƴŎŜƴǘǊŀǘƛƻƴǎ ƻŦ Җмллƴa ƛƴ ƳŀƳƳŀƭƛŀƴ ŎǳƭǘǳǊŜŘ ŎŜƭƭǎ Ŏŀƴ ƭŜŀŘ ǘƻ ƴƻƴǎǇŜŎƛŦƛŎ ŎƘŀƴƎŜǎ 

in gene expression and the use of lower concentrations appears to minimize those effects 

(RNAi research guide, Ambion).  
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Figure 34. Western blot data from transfection 50 nM siRNA for MEGF10 3 DIV. a) Relative 

a9DCмл ǇǊƻǘŜƛƴ ŜȄǇǊŜǎǎƛƻƴ ƴƻǊƳŀƭƛȊŜŘ ǘƻ ʲ-Actin. b) Percentage of MEGF10 expression 

normalize to -̡Actin and relative to control levels. Western blot analysis showed that astrocytes 

transfected with siRNA had a reduction around 50 to 60% total amount of MEGF10. ***p<0.001; 

****p<0.0001. n=3-5. Data are represented as mean ± SEM. Ordinary one-way ANOVA with by 

5ǳƴƴŜǘǘΩǎ Ƴǳƭǘiple comparisons post hoc test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35. Western blot data from transfection 50 nM siRNA for MEGF10 5 DIV. a) 

Representative western blot of MEGF10 on primary cortical astrocytes from NAB. b) Relative 

a9DCмл ǇǊƻǘŜƛƴ ŜȄǇǊŜǎǎƛƻƴ ƴƻǊƳŀƭƛȊŜŘ ǘƻ ʲ-Actin. c) Percentage of MEGF10 expression 

ƴƻǊƳŀƭƛȊŜ ǘƻ ʲ-Actin and relative to control levels. Western blot analysis showed that astrocytes 

transfected with siRNA had a reduction around 40 to 60% total amount of MEGF10. * p<0.05. 

n=4. Data are represented as mean ± SEM. Ordinary one-ǿŀȅ !bh±! ǿƛǘƘ ōȅ 5ǳƴƴŜǘǘΩǎ Ƴǳƭtiple 

comparisons post hoc test.  
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Figure 36. Western blot data from transfection 100 nM siRNA for MEGF10 5 DIV. a) Relative 

a9DCмл ǇǊƻǘŜƛƴ ŜȄǇǊŜǎǎƛƻƴ ƴƻǊƳŀƭƛȊŜŘ ǘƻ ʲ-Actin. b) Percentage of MEGF10 expression 

ƴƻǊƳŀƭƛȊŜ ǘƻ ʲ-Actin and relative to control levels. Astrocytes transfected with siRNA at 

concentration 100nM did not present any reduction in the total amount of MEGF10; n=2-4. Data 

are represented as mean ± SEM. Ordinary one-ǿŀȅ !bh±! ǿƛǘƘ ōȅ 5ǳƴƴŜǘǘΩǎ Ƴǳƭtiple 

comparisons post hoc test. 

 

 

As we want to study the interactions between neurons and astrocytes in a mature state, 

siRNA was transfected in astrocytes that were in culture with neurons for 14 DIV 

afterwards. After this period of time MEGF10 protein level was also seen to be reduced 

(figure 37, relative MEGF10 protein expression at 14 DIV: C: n=4, 1.0 ± 0.06; Scr: n=6, 

0.83 ± 0.15; si2: n=6, 0.57 ± 0.06; si4: n=4, 0.46 ± 0.04. One-ǿŀȅ !bh±! ǿƛǘƘ ōȅ 5ǳƴƴŜǘǘΩǎ 

multiple comparisons post hoc test) and two of the best siRNA sequences were chosen 

for further experiments. 
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Figure 37. Western blot data from transfection 50 nM siRNA for MEGF10 for 14 DIV. a) 

Representative western blot of MEGF10 on primary cortical astrocytes from NAB. b) Relative 

a9DCмл ǇǊƻǘŜƛƴ ŜȄǇǊŜǎǎƛƻƴ ƴƻǊƳŀƭƛȊŜŘ ǘƻ ʲ-Actin. c) Percentage of MEGF10 expression 

ƴƻǊƳŀƭƛȊŜ ǘƻ ʲ-Actin and relative to control levels. Western blot analysis showed that astrocytes 

transfected with siRNA had a reduction around 40 to 60% total amount of MEGF10. * p<0.05; ** 

p<0.01. n=4-6. Data are represented as mean ± SEM. Ordinary one-ǿŀȅ !bh±! ǿƛǘƘ ōȅ 5ǳƴƴŜǘǘΩǎ 

multiple comparisons post hoc test. 

 

Statistics from figures 34-37. 

Parameter siRNA for MEGF10 

50nm siRNA for 3 DIV    F (5, 22) = 17.59, p<0.0001**** 
50nm siRNA for 5 DIV    F (5, 18) = 3.991, p=0.0130* 
100nm siRNA for 5 DIV    F (5, 13) = 2.166, p=0.1215 
50nm siRNA for 14 DIV    F (3, 17) = 4.969, p=0.0118* 
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3.3.8 Analysis of excitatory synaptic densities in the presence of knockdown MEGF10 

astrocytes 
 

The siRNA sequences which triggered the higher reduction in MEGF10 protein expression 

were used for further analysis. Neurons growing in co-culture and treated with FLX for 

48h displayed a reduction in the number of excitatory synapses (see white bars figure 38 

c, C+FLX and SCr+FLX) while neurons growing with MEGF10 knockout astrocytes did not 

show any change in the number of synaptic densities (see grey bars figure 38 c, si2 and 

si4. Figure 38, Synphys+: N=3, C: 12.29 ± 0.26; Scr: 10.82 ± 0.63; C+FLX: 8.90 ± 0.35; 

Scr+FLX: 8.49 ± 0.50; si2: 12.80 ± 0.58; si2+FLX: 14.18 ± 0.91; si4: 14.11 ± 1.13; si4+FLX: 

13.79 ± 1.28. Synphys+/PSD95+: N=3, C: 8.22 ± 0.18; Scr: 7.77 ± 0.29; C+FLX: 5.76 ± 0.20; 

Scr+FLX: 5.72 ± 0.31; si2: 8.54 ± 0.18; si2+FLX: 9.04 ± 0.49; si4: 9.20 ± 0.92; si4+FLX: 8.81 

± 0.63. PSD95+: N=3, C: 13.53 ± 0.53; Scr: 12.22 ± 0.58; C+FLX: 10.91 ± 0.31; Scr+FLX: 10.96 

± 0.09; si2: 13.26 ± 0.47; si2+FLX: 13.82 ± 0.46; si4: 13.59 ± 1.04; si4+FLX: 13.58 ± 0.83. 

Ordinary one-ǿŀȅ !bh±! ŦƻƭƭƻǿŜŘ ōȅ 5ǳƴƴŜǘǘΩǎ ƳǳƭǘƛǇƭŜ ŎƻƳǇŀǊƛǎƻƴǎ ǘŜǎǘύΦ 

Furthermore, neurons together with knockdown MEGF10 astrocytes and treated with FLX 

did not show any reduction in synphys+/PSD95+ colocalization (see grey bars with stripes 

figure 38 c, si2+Flx/si4+flx). This data indicates FLX cannot target MEGF10 and mediate 

synaptic remodelling when it is reduced, as compared to what it happens with control 

astrocytes after treatment with FLX for 48h. For this experiment, normal astrocytes 

(control) and astrocytes transfected with non-targeting sequence (Scr) were used as 

controls. Even if there is a small reduction in synphys+ or PSD95+ puncta with the Scr 

sequence, this is not reflecting any significant difference with the principal control. 
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Figure 38. Excitatory synaptic densities in neurons are not affected after knocking down 

MEGF10 in astrocytes and following 48h FLX treatment. a) Representative images with the 

quantification of synapses in control conditions and in the presence of siRNA2 and siRNA4 

transfected astrocytes. b) Representative images with the quantification of synapses when the 

AD FLX was added for 48h and in the presence of siRNA2 and siRNA4 transfected astrocytes. c) 

Quantification of excitatory synapses in 10µm of dendrite. Both control and control cells 

transfected with Scr show a reduction in synaptic densities. Those results are rescued by knocking 

down MEGF10 with siRNA2 and siRNA4. The AD treatment of cells transfected with siRNA does 

not show any reduction in the number of synapses. All data are represented as mean ± SEM; n=3 
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