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Abstract 
 

 

The general aim of this Master Thesis is to understand the molecular mechanism by 

which actin intervenes on regulated exocytosis of secretory granules (SG), in 

neuroendocrine cells. 

Rho GTPases are key regulators of the actin cytoskeleton. Cdc42 was shown to 

facilitate exocytosis in neuroendocrine cells probably by promoting actin 

polymerization in the subplasmalemmal region. In order to determine the importance of 

Cdc42 action in regulated secretion, its gene was silenced in BON and PC12 cells and 

the consequences were carefully analyzed.  

The silencing efficiencies on endogenous Cdc42 expression were estimated at 60 ± 

8% in BON cells and 67 ± 22% in PC12 compared to cells transfected with control 

siRNA. Morphological effects can be seen in BON cells exhibiting these silencing 

levels: their extensions were longer and slimmer than in control cells. Furthermore, 

interesting actin structures appeared; actin seems to form tight bundles parallel to the 

plasma membrane. 

A slight decrease on the number of cells presenting peripheral SG enrichment was 

observed in silenced cells (~20%). However, by Total Internal Reflection Fluorescence 

Microscopy (TIRFM), we observe an increase of SG density near the plasma membrane 

in Cdc42 silencing conditions, so Cdc42 must play a role on the number of SG in 

enriched areas. 

Secretion assays were realized and did not indicate any noteworthy inhibition on 

tritiated serotonine ([3H]-5HT) secretion on cells deficient in Cdc42 (15% at most). 

However, these findings seem to disagree with the paper of Malacombe et al. (2006) 

that states a significant diminution in growth hormone secretion. Once we are studying 

the secretion of a small molecule instead of a macromolecule (as did Gasman 

laboratory), Cdc42 and could be involved in the mechanism of pore extension, during 

exocytosis, that allows macromolecules to be released. 

 

 

Keywords: exocytosis, secretory granule, actin, Cdc42 GTPases, BON cells, PC12 

cells. 
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Resumo 
 

 

O objectivo geral desta tese é compreender o mecanismo molecular pelo qual a 

actina intervém na exocitose regulada dos grânulos de secreção, em células 

neuroendócrinas. 

As Rho GTPases são reguladores chave do citosqueleto de actina. A Cdc42 mostrou 

facilitar a exocytose em células neuroendócrinas, provavelmente ao promover uma 

polimerização da actina na região sob a membrana plasmática. De modo a determinar a 

importância da acção da Cdc42 na secreção regulada, o seu gene foi silenciado tanto em 

células BON como em PC12, e os resultados foram cuidadosamente analisados. 

A eficiência do silenciamento da expressão de Cdc42 endógena foi estimada de 60 ± 

8% em células BON e 67 ± 22% em PC12, em comparação com células transfectadas 

com siRNA controlo. Efeitos morfológicos são visíveis em células BON com estes 

níveis de silenciamento: as suas extensões tornam-se mais longas e mais finas do que 

nas células controlo. Adicionalmente, surgem novas estruturas de actina: formam-se 

densos cabos enrolados paralelos à membrana plasmática. 

Uma ligeira descida no número de células com enriquecimento periférico de grânulos 

de secreção pode ser observada nas células silenciadas (~20%). Contudo, ao recorrer ao 

TIRFM (Total Internal Reflection Fluorescence Microscopy), é possível observar um 

aumento na densidade granular junto à membrana plasmática em condições de 

silenciamento, pelo que, Cdc42 deve desempenhar um papel no número de grânulos de 

secreção nas zonas enriquecidas. 

Ensaios de secreção foram realizados e não indicaram nenhuma inibição 

considerável na secreção de serotonina triciada ([3H]-5HT) em células com deficiência 

em Cdc42 (15% no máximo). Contudo, estas observações parecem entrar em desacordo 

com os resultados publicados em Malacombe et. al (2006) que se referem a uma 

diminuição significativa da secreção da hormona de crescimento. Uma vez que neste 

trabalho foi estudada a secreção de uma pequena molécula em vez de uma 

macromolécula (como foi feito no laboratório de Gasman), a Cdc42 pode estar 

envolvida no mecanismo de extensão de poro durante a exocytose que permite a 

libertação de moléculas maiores. 
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Palavras-chave: exocytose, grânulo de secreção, actina, Cdc42 GTPases, células 

BON, células PC12. 
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1. Introduction 
 

 

The cell is the structural and functional unit of all living organisms. Each one stores 

its own set of instructions for carrying out activities that will allow them to be at least 

somewhat self-containing and self-maintaining. Therefore, all cells share several 

abilities as transcription and translation of DNA genes into enzymes and other proteins, 

reproduction by cell division, and other metabolic pathways that include taking in raw 

materials by endocytosis, building cell components, converting energy or molecules, 

etc.  

The membrane traffic within cells is a biological phenomenon fundamental for 

numerous vital functions in cells. The host laboratory (CNRS UPR 1929) focuses its 

interests in the study of secretory granules (SG) secretion in neuroendocrine cells. This 

regards the transport of SGs to the plasma membrane, their fusion and release of 

intragranular components. 

 

1.1 Regulated exocytosis 

 

In multicellular organisms, cells are organized in distinct tissues. They are 

differentiated and play specific roles. Consequently, the communication between the 

distinct parts of a living organism is essential to guarantee its survival. Exocytosis 

appears as one of the primordial mechanisms responsible for that.  

In every cell, small vesicles diffuse continuously towards the periphery in order to 

present, to the plasma membrane, fundamental molecules for its constitution (e. g. 

cholesterol, adhesion molecules, etc.). It is the balance between this kind of secretion 

activity and endocytosis that is responsible for the plasma membrane equilibrium. This 

phenomenon is known as constitutive secretion. Furthermore, it has been noticed that 

some cells present also a different kind of exocytosis. In this case, specialized cells, as 

neuroendocrine cells, release messenger substances when stimulated by an outside 

stimulus. This stimulus will trigger an augmentation in intracellular calcium 

concentration that will, in turn, activate secretory vesicles secretion. Since this type of 

exocytosis does not occur spontaneously, but requires an outside stimulus, it is called 
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regulated exocytosis. Furthermore, notice that the main function of regulated exocytosis 

is not to maintain plasma balance but to allow target cells to receive the released 

messenger substances (intercellular communication). One of the main manifestations of 

this phenomenon is the regulated secretion of neurotransmitters and hormones. The 

neuronal cells communicate between each other through chemical synapses; their 

emitter extremities release neurotransmitters that will be received by the receptive 

extremities of the nearby neurones. This transmition of signals constitutes the nervous 

influx. On the other hand, endocrine glands produce hormones that must reach faraway 

cells. Thus, the communication is induced by hormone releasing in blood vessels that 

reach target cells. (see Figure 1. 1). 

 

 
Figure 1. 1: The contrast between endocrine and synaptic signalling. (A) Endocrine cells secrete 

hormones into the blood, which signal can only be recognize by specific target cells. (B) Only a 
target cell that is in synaptic contact with a nerve cell is exposed to the neurotransmitters released 
from the nerve terminal. (adapted from [1]). 

 

Once its function in a living organism is distinct, neurotransmitter secretion differs 

from hormone secretion in its kinetics and in its area of action. Nevertheless, as both 

secretions constitute molecular mechanisms of exocytosis, they exhibit also some 

similarities (pathways, specific proteins, etc.).  

The liberation of informative molecules depends on specific organelles as synaptic 

vesicles (SV) for neurotransmitters or secretion granules (SG) for hormones. In both 
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cases they present transporters that allow them to accumulate neurotransmitters (e. g. 

dopamine, serotonine etc.), however, in SV, there is no presence of proteins. 

Neuroendocrine cells exhibit SG analogous to large dense core vesicles in neurons 

or to SG in endocrine cells. For this reason, neuroendocrine cells became a commonly 

used cellular model for studying protein secretion in mammalian cells. 

The release mechanism of SGs can be described in a sequence of steps, from 

vesicular formation until their fusion with the plasma membrane:  

1. biogenesis of granule precursor at the Golgi complex; 

2. maturation and SG migration to cell periphery; 

3. SG tethering and docking at the plasma membrane; 

4. SG fusion with the plasma membrane in response to an increase of intracellular 

concentration of calcium; 

5. release of intragranular compounds (exocytosis). 

 

1.2 Secretion Cycle 

1.2.1 Biogenesis of Secretory granules 

 

Proteins destined for regulated secretion gather inside the trans-Golgi network 

(TGN) and are packed into immature SGs, which are short-lived vesicular 

intermediates. To become mature, these SGs will be processed during their migration to 

cell periphery. This maturation process includes the fusion of small granules, the 

accumulation by active transport of new elements like neurotransmitters (adrenalines, 

sérotonine…) and the progressive condensation of granule contents (Tooze et al., 2001).  
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Figure 1. 2: Granule Biogenesis and maturation. (1) Proteins destined for regulated secretion 

gather inside the trans-Golgi network (TGN). (2) Formation of immature SGs. (3) Fusion of small 
immature GS. (4) Condensation of GS content. (adapted from Huet, 2006) 
 

1.2.2 SG trafficking into the cells 

 

The cell cytoskeleton functions as a track that enables SGs to travel from the TGN 

to the peripheral region. Firstly, SGs are carried across microtubules by the motor 

protein kinesin until they reach the cell periphery rich in actin. This transportation is 

quite fast (1µm/sec) and has been widely described. Thanks to its motor domain (C-

terminus), the kinesin uses the energy of ATP hydrolysis to move towards the minus 

end of the microtubule, that it is, towards cell periphery. Furthermore, this protein 

presents also a binding site in the tail for a membrane-enclose organelle which is 

responsible for connection to the SG. At cell periphery, the SGs encounter the actin 

cortex and disconnect from microtubules. The translocation of SGs into cell periphery 

in the actin cortex is not very clear yet and is one of the topics studied by the host 

laboratory (see Figure 1. 4).  

SG exhibit a tendency to accumulate in actin rich regions as cellular outgrowths, 

maybe in specialized active sites for exocytosis, near the plasma membrane (see Figure 

1. 3). 
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Figure 1. 3: Fluorescent photos of BON cells: (A) Actin is marked with rhodaminee phaloidine so 
that it is possible to distinguish the microfilaments in red. The green spots correspond to SG 
exhibiting the membrane marker neuropeptide Y tagged GFP (NYP-GFP). (B) Peripheral 
distribution of SG. They can be seen by fluorescence thanks to their membrane marker NPY-GFP. 

 

Distinct pools of SGs have been described: a ready-releasable pool (RRP) and a 

reserve pool (RP) which represents almost 90% of the granule population (Malacombe, 

2006). The replenishment of the RRP from RP may depend on actin cytoskeleton. Since 

the actin network is particularly dense at cell border and its mesh size is smaller than a 

vesicle diameter (Nakata and Hirokawa, 1992), the first main idea was that actin should 

function as a barrier for SG traffic. However, SGs must cross the actin cortex in order to 

reach and interact with the plasma membrane. Consequently, it is considered that 

activation of secretion and exocytosis are accompanied by a reorganization of the 

peripheral actin filaments. Some evidences pointed that actin depolymerization 

facilitated the access of SG to the cell surface. For instance: 

- partial actin depolymerization and remodelling occur upon stimulation of the 

secretory activity and increase secretory responses in neuroendocrine cells 

(Vitale et al., 1991; Vitale et al., 1995; Tchakarov et al., 1998; Giner et al., 

2005); 

- the actin-severing protein scinderin (Trifaro et al.,2000) and actin 

depolymerising drugs (Matter et al., 1998; Tsuboi et al., 2003; Ehre et al., 2005) 

increase secretory activity. 

The disassembly of actin filaments allows SGs to move from the reserve pool until 

the plasma membrane. At the moment, two possibilities that describe this movement are 

under debate: 

- SGs move along newly polymerized actin tracks; 

- SGs cross the actin cortex by passive diffusion. 

Actin/NPY-GFP 

NPY-A B 
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Figure 1. 4: SG migration since its genesis until its association with the plasma membrane. (1) 

After biogenesis inside the trans-Golgi network (TGN), SGs are transported through microtubules 
until cell periphery. (2) SGs disconnect from microtubules and associate to actin cortex. (3) SG 
cross actin cortex until the plasma membrane. (4) SG associate with the plasma membrane; the SGs 
can be docked or just tethered, depending on the stability of the connection. 

 

1.2.3 SG binding to the plasma membrane 

 

SG-Plasma membrane association has been distinguished in two stages according to 

the stability of the association: tethering and docking.  

A granule is tethered when the association is weak and reversible. It is thought that 

proteins from Rab family play an important role in the establishment of the first 

connexion between the two membranes. These proteins exhibit a GTPase activity that 

enables them to function as molecular switches. Therefore, in their active conformation, 

they can regulate the recruitment of effectors to the vesicular surface. 

A “docked” granule is strongly binded to the plasma membrane and, thus, the 

association is more stable. Most probably, docking depends on the formation of a 

protein complex called SNARE. This complex is related to many intracellular 

phenomena that involve fusion between membranes of vesicles or organelles. In the 

case of SG, he is composed by three proteins: synaptobrevine/VAMP2 on the vesicule 

(v-SNARE), and syntaxine 1 and SNAP25 (synaptosomal associated protein of 25kDa) 

on the plasma membrane (t-SNARE) (Bonifacino and Glick, 2004) (see Figure 1. 5). 

The formation of the complex brings the two membranes in close apposition and may 

drives lipid bilayer mixing. This mechanism is described as the result of SNARE 

complexes assemble into a four-helix bundle in a zippering reaction (Chen, 2001). 
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Figure 1. 5: Complexe SNARE (adapted from Bonifacino and Glick, 2004) 

 

1.2.4 Exocytosis 

 

Exocytosis pathway is activated by an increase of Ca2+ concentration in intracellular 

medium and is characterized by the fusion of the two membranes (see Figure 1. 6). 

 
Figure 1. 6: Schematic illustration of exocytosis. 

 

There is the formation of a small pore (10 nm of diameter) that can expand to result 

in a complete fusion. Two models are proposed that can exist upon certain conditions. 

The model known as “kiss and run” (Taraska and Almers, 2004) describes the release of 

small molecules as monoamines and peptides through the straight opening. Then, SG 

closes again and split form the plasma membrane in order to be recycled. In the second 

model, the SG binding from complete fusion with the plasma membrane. SG content is 

totally released and its membrane will integrate the plasma membrane, resulting in an 
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augmentation of cell surface. Nevertheless, the process of pore formation and extension 

is not very clear yet. 

 

 
Figure 1. 7: Comparison between the routes taken during “kiss and run” (A) or exocytosis in 

full (B).  
 

1.3 Vesicle Trafficking and Actin Cortex 

 

As referred previously, most secretory cells undergoing calcium-regulated 

exocytosis display a dense subplasmalemmal actin network, which probably remodelled 

during the exocytotic process. Therefore trying to understand the actin role in 

exocytosis is fundamental to completely understand its mechanism. 

 

1.3.1 Actin structure  

 

Actin filaments (also known as microfilaments) are one of the three types of 

cytoskeletal filaments common to many eukaryotic cells. Together with microtubules 

and intermediated filaments, they are fundamental to specious organization of the cells. 

Two stranded helical polymers of protein actin constitute a microfilament. This 

structure appears to be flexible with a diameter of 5-9nm and, when combined with 

others, exhibit a variety of linear bundles, two-dimensional networks, and three-

dimensional gels. This structure is dynamic and depends upon regulation of many 

proteins (see section 1.4). Although actin filaments are widely spread throughout the 

cell, they are most highly concentrated in the cortex, that is, just beneath the plasma 

membrane. However, its organization in this region is not known. 

 

Intracellular medium 

Extracellular medium 

Extracellular medium 

  

A

B Intracellular medium 

Macromolecule 

Small molecule like monoamine 
Secretion Granule 

Plasma membrane 

Plasma membrane 
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Figure 1. 8: Actin Organization. (A) Microfilament. (B) Actin cytoskeleton in a cell. (adapted 

from [1]) 
 

1.3.2 SG binding to actin 

 

In the host laboratory, It has been showed that microtubule-bound SG cannot 

undergo direct docking: they must first dissociate from microtubules and interact with 

F-actin (Huet et al., 2006). Such combination of SG long-range transport along 

microtubules and short-range motion controlled by actin dynamics could optimize the 

search of a docking site by SG, once these organelles aggregate at the end of 

microtubules (Huet et al., 2006).  

One of the key issues that starts to become clearer is how outward microtubule-

dependent transport and F-actin-dependent capture mediate the cortical localization of 

SG. The host laboratory demonstrated the existence of an association between the small 

GTPase protein Rab27a and MyRIP (Myosin and Rab27 interact protein) with SG in 

adrenal chromaffin cells and PC12 cells. It has been demonstrated that these two 

proteins bind SG to actin, control the mobility of SG within the actin cortex and their 

capacity to undergo exocytosis (Desnos et al., 2003). MyRIP exhibits a highly 

conserved N-terminal Slp homology domain (about 50% identity) and a less conserved 

C-terminal Myosin Va-binding domain (about 20% identity). The Slp homolog domain 

interacts specifically with the GTP-bound form of Rab27A/B and the medial domain 

interacted with Myosin Va and Myosin VIIa. Additionally, evidences point that the 

most C-terminal conserve region, which is not essential for Myosin Va binding, directly 
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Actin 
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AA  
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binds actin and that expression of these regions in PC12 cells and melanoma cells 

colocalized with actin filaments at the peripheral region (Fukuda and Kuroda, 2002; 

Desnos 2003). 

 
Figure 1. 9: Secretory granules trafficking in the actin-rich cortex. (1) SG reaches cell 

periphery via microtubules (MT). Two options for Myosin Va: it is associated on SG with the 
complex Rab27a/MyRIP or it remains in a “waiting state” close to the plus-end of MT. (2) SG is 
pulled out from dispersed away. (3) SG diffuses through actin until plasma membrane. (4) SG dock 
at the release site. (adapted from Desnos et al., 2007). 

 

1.3.3 Myosin Va 

 

Myosin Va consists of two heavy chains that dimerize to form a two-head motor 

molecule which is an actin binding site and a C-terminal globular tail for interaction 

with the cargo (Desnos, 2007) (see in Figure 1. 10). Therefore, the protein has the 

ability to move along actin filaments and was proposed to carry organelles. Its motor 

activity has been extensively demonstrated in vitro (Vale, 2003; Sellers and Veigel, 

2006; Evans et al., 1998; Chabrillat et al., 2005) and in vivo, essentially on melanosome 

motility (Wu et al., 1998; Gross et al., 2002 ; Kural et al., 2007) 
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Figure 1. 10: Myosin Va is composed of two heavy chains with the following domains: (1) head 

or motor domain (green); (2) the neck (red); (3) the coiledcoil domain made of the proximal, medial 
tail (yellow) and the distal domain (blue). (adapted from Langford, 2002) 

 

MyoVa may mediate the transfer of microtubule-bound SG to actin. It was 

suggested that MyoVa exerts a force opposed to microtubule-based motors and thus 

dissociates organelles from microtubules (Wu et al., 1998; Gross et al., 2002). 

In adrenal chromaffin cells and insulin secreting cells, Myosin Va molecules have 

been identified on SG (Rose et al.,2003; Rudolf et al., 2003; Ivarsson et al., 2005; 

Varadi et al., 2005) and the idea of a Rab27a/MyRIP/Myosin Va complex mediating the 

interaction of SG with actin filaments was born (Fukuda and Kuroda, 2002; Desnos, 

2003; Kurna and Fukuda, 2005). Moreover, considering Myosin Va motor activity, it 

was proposed that this protein could play a role in the SG transport towards release sites 

(Rudolph et al., 2004; Varadi et al., 2005, Ivarssson et al, 2005). 

In the laboratory, analysis of SG mobility by single particle tracking revealed that 

the main effect of MyoVa inhibition was to reduce the number of docked SG. This 

effect accounted for the observed diminution of exocytosis. No evidence was found for 

a MyoVa-mediated transport of SG toward release sites (submitted data). In contrast, it 

was observed that MyoVa silencing reduced specifically the occurrence of long-lasting 

(> 10 s) docking periods (SG immobilized at the plasma membrane), suggesting that 

MyoVa acts as an attachment factor. Interestingly, MyoVa has been reported to interact 

with the SNARE protein syntaxin-1 (Watanabe et al., 2005). Syntaxin- 1 and its partner 

munc18 have been implicated in SG docking (Toonen et al., 2006). Altogether, these 

findings suggest that MyoVa on the vesicle and syntaxin-1/munc18 at the plasma 

membrane participate the docking machinery (see Figure 1. 9). 

 

Actin binding 
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1.3.4 Skin melanocyte model 

 

A similar actin-dependent capture of the organelles has been described in skin 

melanocytes (Wu et al., 1998) and a detailed molecular mechanism has been provided. 

Notice that the pigment containing organelles that transfer melanin from melanocytes to 

keratinocytes in the basal layers of the epidermis are melanosomes and not SGs. 

Therefore an analogy between melanosomes in melanocytes and SG in neuroendocrine 

cells is established.  

The current model states that Rab27 is associated to the membrane of melanosomes 

and recruits a MyRIP homolog, melanophilin, which in turn recruits myosin-Va 

(Fukuda et al., 2002b; Hume et al., 2002; Strom et al., 2002; Wu et al. 2002). The 

melanocyte-specific spliced isoform of myosin Va contains the exon F that contributes 

with a high affinity binding site for melanophilin and thus required for melanosome 

association (Wu et al., 2002; Hume et al., 2006). Furthermore, melanophilin interacts 

with EB1, a plus-end MT-binding protein (Wu et al., 2005), and recruits MyoVa on to 

MTs. Melanophilin–MyoVa are thus well positioned to interact with MT-associated 

melanosomes via Rab27; once formed, the tripartite complex could counteract the 

activity of kinesins and propel the vesicle along actin filaments away from MTs. The C-

terminal region of melanophilin also contains a binding site for F-actin that is important 

for retention of melanosomes in actin-rich regions (Kuroda et al., 2003). By removing 

melanosomes from MTs and by mediating their association with F-actin, Rab27, 

melanophilin and MyoVa ensure their capture at the cell border. 

It is interesting to refer that a similar complex exists in retinal pigment epithelial 

cells and hearing cells. In this particular case, the complex is formed between 

Rab27a/MyRIP/Myosin VIIa (el-Amraoui et al., 1996; Gibbs et al., 2004) (see Figure 1. 

11).  
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Figure 1. 11: Schematic representation of the three possible complexes involving organelle 

attachment to actin filaments. (A) Neuroendocrine cells: Myosin Va/MyRIP/Rab27a (Desnos et al., 
2003); (B) Retine: Myosin VIIa/MyRIP/Rab27a (adapted from El-Amraouj et al., 2002); (C) 
Melanocyte: Myosin Va/Melanophilin/Rab27a (adapted from Wu et al., 2002). 

 

1.3.5 Diseases related to this molecular model confirm  

 
Mutations in MYO5A, the gene encoding MyoVa, result in Griscelli syndrome type I 

(also referred to as Elejalde syndrome) in humans, a recessive disease characterized by 

partial albinism and severe neurological disorders (hypotonia, mental retardation, 

epilepsy and ataxia). A similar phenotype is observed in theMyoVa-deficient dilute 

mice (Mercer et al., 1991). 

It is known that mutations in RAB27A and MHLP (gene encoding for melanophilin) 

cause Griscelli syndrome type II and III respectively. This disease is characterized by an 

autosomal recessive disorder that results in partial albinism, by immunodeficiency that 

is due to a defect in cytotoxic granule secretion in T cells, and by uncontrolled T 

lymphocyte and macrophage activation (hemaphagocytic syndrome) (Ménaché et al., 

2000; Ménaché et al., 2003). Melanocytes isolated from these patients or from ashen 

mice bearing loss-of-function mutations in Rab27A exhibit perinuclear melanosome 

distribution. The melanosomes cannot accumulate at the distal ends of dendritic 

extensions which results on inability to transfer melanin to keratinocytes (Wilson et al., 

2000; Bahadoran et al., 2001; Hume et al. 2001; Wu et al. 2001). Similar consequences 
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on albinism are observed in dilute mice bearing mutations in MYOSIN-5A (Strobel et 

al., 1990, Provance et al., 1996). Rab27A, melanophilin and myosin-Va mediate the 

physical link between melanosomes and F-actin, and are responsible for albinism 

phenotypes. 

 

 

 

From the information presented above, the main conclusion is that the interaction 

between SGs and actin filaments controls the mobility of these organelles beneath the 

plasma membrane. Furthermore, Myosin Va seems to be involved in two distinct steps 

of the secretion cycle: 

- SG capture in actin cortex; 

- SG docking at release sites (see Figure 1. 9). 

Therefore, SG mobility depends on their association with the actin filaments. This 

association seems to keep SG near the plasma membrane but also restricts its capacity 

to move. Maybe, actin doesn’t really act as a “barrier” but more like a capture device. 

Moreover, all the factors suggest that, since actin cortex is a dynamic structure, it will 

assist SG motion near plasma membrane. 

 

1.4 Actin cytoskeleton and Cdc42 GTPase 

1.4.1 Actin and exocytosis 

 

For a long time, actin has been considered as a barrier; however it has also been 

shown that affecting actin cytoskeleton would affect SG mobility. The use of 

jasplakinolide (actin-stabilizing drug) on cells promotes an almost complete blocking of 

SG beneath the plasma membrane (Lang et al., 2000; Oheim and Stuhmer, 2000) while 

actin-depolymerizing drugs increase SG mobility (Johns et al., 2001; Desnos et al., 

2003). In addition, when Rab27a and MyRIP are overexpressed in cells, SG motion 

becomes limited and, when MyRIP activity is impaired, SGs mobility is increased 

(Desnos, 2003).  

Consequently, actin polymerization may play a positive role in exocytosis. Studies 

suggest that only a specific organization of the actin cytoskeleton allows SG to reach 
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the exocytotic sites. To illustrate this idea, Lang and collaborators (2000) suggested, by 

following few GFP-labelled SG in PC12 cells, the existence of actin mediated 

movements of granules in some sub-plasmalemmal regions. Furthermore, Giner et al. 

(2005) observed that in stimulated cells occurs a redistribution of microfilaments 

resulting in free spaces in the actin net and the formation of actin trails associated with 

moving SG. 

To know the mechanism behind actin depolymerization and reorganization is a 

fundamental key to really understand exocytosis. Until now, data favour the idea that 

the partial depolymerization of the actin barrier is followed by a de novo polymerization 

of new microfilaments. This has been observed in mast cells (Norman et al., 1994) and 

in neurons (Colicos et al., 2001; Sankaranarayanan et al., 2003). In addition, new actin 

filaments are formed and cover SGs during exocytosis in pancreatic acinar cells 

(Valentijn et al., 2000). Thus, the existence of a molecular cascade that result in new 

actin structures dedicated to the exocytotic machinery has not  been clearly 

demonstrated. 

 

1.4.2 Actin Dynamics and Rho GTPase family 

 

Actin dynamics is intrinsically related with Rho GTPase family. Its members are 

well known to regulate cell polarity and motility through their effects on the 

cytoskeleton, membrane trafficking and cell adhesion. They consist of about 20 

members which the best studied are RhoA, Rac1 and Cdc42. Particularly in mammalian 

cells, Rac1 and Cdc42 have long been known to induce plasma membrane protrusions 

known as lamellipodia (broad sheet-like protrusions containing a network of branching 

actin filaments) and filopodia (finger-like membrane protrusions that contain parallel 

bundles of actin filaments) by stimulating actin polymerization (Ridley, 2006) (see 

Figure 1. 12).  
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Figure 1. 12: Schematic representation of the mechanisms of lamellipodia and filopodia 

formation at theleading edge of cells. (A) Formation of many short bransched filaments into a 
lamilopodia. (B) Formation of longer filaments bundled into filopodia by proteins. (adapted from 
Ayscough and Winder, 2004) 

 

1.4.3 GTPase activity 

 

Most Rho family proteins can bind to GTP and GDP therefore having an intrinsic 

GTPase activity. Their GTP-bound conformation allows them to interact with 

downstream target proteins as activators. This activity is regulated by guanine 

nucleotide exchange factors (GEFs), which stimulate GDP release and, consequently, 

permit GTP binding. Moreover, GTPase-activated proteins (GAPs) catalyse GTP 

hydrolysis in most of Rho GTPase members converting them to the inactive 

conformation (GDP-bound). In Figure 1. 13 it is illustrated the core structure of a 

typical Rho GTPase. 
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Figure 1. 13: Core structure of Rho GTPases. Note that the effector domain changes between 

GTP- and GDP-bound Rho proteins and is usually required for binding downstream targets. The 
CAAX box contains a cysteine residue that becomes prenylated (farnesyl or geranylgeranyl group), 
subsequently the remaining three amino acids (two aliphatic amino acids and a variable C-terminal 
amino acid) are removed and replaced with a methyl group. 

 

1.4.4 Regulation of actin dynamics by GTPases 

 

To affect actin dynamics in the cortex, Rho GTPases are recruited and activated on 

the plasma membrane by GEFs proteins (Rossman et al., 2005). Then, they can activate 

two different types of molecules: WASP/WAVE proteins (Wiskott-Aldrich syndrome 

proteins and WASP family homologous WASP proteins) and DFRs (Diaphanous-

related formins). WASP/WAVE proteins activate Arp2/3 complex which is a stable 

complex including two actin-related proteins (Arp2 and Arp3). It binds to the sides of 

existing actin filaments and induces polymerization of actin to origin a branching 

filament network (see Figure 1. 12). Cdc42 is upstream this cascade once it binds 

directly to WASP and N-WASP proteins (the difference between WASP and N-WASP 

is that WASP is only expressed in hematopoietic cells while N-WASP is universally 

expressed). Therefore, Cdc42 indirectly stimulates Arp2/3 activation (Stradal et al., 

2006). The Rho GTPase Rac was also shown to interact indirectly with Arp2/3. 

However the intermediate molecule is WAVE and not N-WASP, and the morphological 

structures created are not the same. When Cdc42 activates Arp2/3, it leads to the 

formation of filopodia while, with Rac activation, it leads to lamellipodia (see Figure 1. 

14 (Ridley, 2006).  
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Figure 1. 14: Rho family proteins, actin filaments and membrane dynamics. At the plasma 
membrane Rho GTPases stimulate membrane protrusions through actin polymerization. Rac 
activates the WAVE protein complex, leading to Arp2/3 complex-mediated actin polymerization to 
form a branching actin filament network in lamellipodia, where the Arp2/3 complex induces a new 
filament to polymerize from the side of an existing filament. Cdc42 might also contribute to 
lamellipodial extension through WASP proteins, which activate the Arp2/3 complex. Cdc42 and Rif 
activate the DRFs Dia1 and/or Dia2, which bind to the barbed (+) ends of filaments and induce 
actin polymerization in parallel bundles at the plasma membrane, forming filopodia. + indicates 
barbed ends, - indicates pointed ends of filaments. (Adaped from Ridley, 2006) 

 

The DRFs Dia1, Dia2, and Dia3 stimulate the nucleation and extension of non-

branching actin filaments. They bind as dimmers at the barbed (or plus) end of 

microfilaments, preventing the binding of capping proteins, which normally terminate 

actin polymerization. Each DRF is activated by a distinct subset of Rho GTPases that 

include Cdc42, Rac1 and RhoA (Kovar et al., 2005; Pellegrin et al., 2005). 

 

1.4.5 GTPase and exocytosis 

 

Many other cascades illustrate the fundamental role of Rho GTPase family in actin 

polymerization (for a review see Ridley et al., 2006). Several studies revealed the 

positive effects of members of the Rho GTPase family on exocytosis. For instance: 

1) Rac1 and Cdc42 regulate multiple steps of cell degranulation (Hong-Geller, 

2000); 

2) N-WASP and the Arp2/3 complex mediate actin-dependent propulsion of 

secretory vesicles (Mullins, 2000) 

3) Cdc42 actively participates in insulin secretion in pancreatic-β-cells (Nevins, 

2003). 
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4) Rac2 controls neutrophil primary granule release (Abdel-Latif, 2004); 

5) In PC12 cells, Arp2/3 is associated with SG and follows them until they reach 

docking sites at the plasma membrane upon cell activation (Gasman, 2004): 

6) Cdc42 mutant or its silencing inhibit exocytosis (Gasman, 2006). 

The last statement suggests that secretagogue-evoked stimulation induces the 

sequential ordering of Cdc42, N-WASP and Arp2/3 in order to specifically target local 

actin filament polymerization at docking sites. 

To conclude, Rho GTPases are controlling factors in exocytosis in neuroendocrine 

cells. The importance of their intra-regulation is to define a precise state of actin and to 

correlate it with regulated exocytosis. Recently, in Gasman et al. (2006), it has been 

showed that the mechanism by which Cdc42 is activated (Cdc42-GTP) is dependent on 

intersectin-1L, a neuronal nucleotide exchange factor. 

Cdc42 and perhaps Rac1 clearly exhibit a major signaling role in providing specific 

actin structures required for efficient exocytosis. What remains to be is established is the 

relation between the reported effects of Rac/Cdc42 on exocytosis and actin dynamics. 

 

1.5 Actin functions in exocytosis 

 

Until now, several hypothetic roles for actin, in SG exocytosis, have been 

mentioned. In order to summarize, it is possible to divide them in four main categories: 

1. in SG capturing from microtubule; 

2. in SG migration to plasma membrane; 

3. in “stabilized” docking to the plasma membrane; 

4. in regulation of membrane fusion and pore formation/extension. 

In Figure 1. 15, these four functions are illustrated. However, even if exocytosis 

mechanism has been widely described, most of them remain uncertain and many 

questions still remain without answer.  
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Figure 1. 15: Schematic representation actin functions and interactions with other proteins 

during exocytosis. In neuroendocrine cells , most SG must be captured from microtubule in order 
to form a reserve pool that is entrapped in the actin cortex. SG migrates towards plasma 
membrane on actin tracks. Following docking at the plasma membrane, actin polymerization is 
triggered by Cdc42 through a mechanism involving N-WASP and Arp2/3. The actin filaments 
formed can also be responsible for membrane fusion and/or pore formation and (adaptaded from 
Gasman, 2004). 

 

Further understanding of actin dynamics in secretory cells is a fundamental issue to 

completely understand the mechanism of exocytosis and, therefore, will be the main 

subject of this work. 
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2. Aim of the Work 
 

2.1 General Topic of the laboratory 

 

The laboratory (CNRS UPR 1929) focuses its interests in the study of SG secretion 

in neuroendocrine cells: the transport of SGs to the plasma membrane and their fusion. 

 

2.2 Preliminary Results 

 

The host laboratory is known for its expertise in Total Internal Reflection 

Fluorescence Microscopy (TIRFM). This technique selectively excite fluorophores in 

an aqueous or cellular environment very near a solid surface without exciting 

fluorescence from regions farther from the surface. This characteristic makes it one of 

most adequate tools to visualize only a specific peripheral region at the actin cortex or at 

the plasma membrane. Furthermore, TIRFM is a powerful technique that allows 

observation of SG mobility in the vicinity of the plasma membrane. 

Previous works show that proteins like the GTPase Rab27a, the adaptor MyRIP and 

the motor protein Myosin Va (independent study) affect SG motility. The method used 

to reach these results was single particle tracking thanks to TIRFM technology (Desnos 

et al., 2003; submitted paper). 

Actin role in exocytosis is still undetermined. The first observations indicated that 

actin cortex favours SG peripheral localization but that it also hinders the access of SG 

to the plasma membrane. Whether actin is involved in SG docking is yet not known. 

Rho GTPases are key regulators of the actin cytoskeleton. Recently, Cdc42 was shown 

to facilitate exocytosis in neuroendocrine cells (PC12) maybe by promoting actin 

polymerization in the subplasmalemmal region (Gasman et al., 2004). The same paper 

states that N-WASP and Arp2/3 are the bringing molecules between Cdc42 signaling to 

the actin cytoskeleton and exocytosis machinery. 

Collaboration between S. Gasman laboratory and the host laboratory has been 

established in order to understand the involvement of Cdc42 in the late steps of 

exocytosis. It is thought that Cdc42 may intervene in SG docking and/or membrane 

fusion. The idea is to use single particle tracking to clarify this issue. 
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2.3 Aim of the Master-Thesis 

 

The aim of this work is to clarify the role of actin in late steps of exocytosis. It is 

with this purpose that we started studying the importance of Cdc42 in exocytosis. 

The strategy employed was to reduce endogenous Cdc42 expression in cells using 

RNA interference (siRNA), and then, to analyze its consequences in SG distribution and 

exocytosis in two cell types (BON human; PC12 rat). 
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3. Materials and Methods 

3.1 Material 

3.1.1 Equipment 

Table 3. 1: Equipment used during the Master Thesis 
Name Model/Company 

Centrifuge Heraeus Sepatech 
Culture flasks Falcon 

Incubator Binder 
Liquid Scintillation Analyzer Tri-Cars 2100 TR / Packard 

Microscope Olympus CK 
Microscope NIKON / eclipse TE 2000-E 
Pipette tips Stralab GmbH 

Serological Pipettes Falcon 
TIRF Microscope Custom made 

Tubes Falcon 
Vortexer Heidolph 

Waterbath Inlabo 
 

3.1.2 Solutions and reagents 

Table 3. 2: Solutions and reagents used during the Master Thesis 
Name Company 
APS  
BSA  

Collagen PAA Laboratories 
DharmaFECT Dharmacon 

DMEM PAA Laboratories 
DMSO Sigma-Aldrich 

Emulsifier - Safe Perkin Elmer 
Ethanol  Carlo Erbo reagents 

INTERFERin PolyPlus transfection 
Lipofectamin Invitrogen 

Methanol Fluke 
NH4Cl Sigma 

Rhodaminee Phaloidine  
Saponin  
Temed Sigma 
Triton Euromedex 

Tween 20 Sigma-Aldrich 
Tris HCL  
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3.1.3 Buffer 

Table 3. 3: Buffers used during the Master Thesis. 
Buffer Composition Company 

Dulbecco´s PBS [10x]  PAA Laboratories GmbH 
PBS+ PBS [1x] / MgCl2 [1.2mM]  

PBS+NH4Cl PBS [1x] / NH4Cl [50 mM]  

PBS+BSA SAP 
PBS [1x] / BSA [0.2 %] / 

Saponin [0.05 %] 
 

siRNA Buffer (5x) 
KCl [100 mM]; MgCl2 

[1mM]; HEPES [30 mM]; 
pH 7,5 in H2O 

Abcam 

Sample Buffer 
b-mercaptoethanol [2,7ml]; 

Stock (4x) [10 ml]; H2O 600 
µl 

Invitrogen 

Transfer Buffer 
Tris-Glycin [1x] / EtOH [10 
%] fill up with H2O to 1L 

 

Running Buffer 
TG-SDS [1x]; fill up with 

H2O to 1L 
ThermoPol.Buffer BioLabs 

 

3.1.4 Enzymes 

Table 3. 4: Enzymes used during the Master Thesis. 
Enzymes Company 

Trypsin/EDTA [1x] PAA Laboratories 
Vent BioLabs 

DNase MERCK 
 

3.1.5 Antibodies 

Table 3. 5: 1st antibodies used during the Master Thesis. 
Name Company Animal Dilution 

α-chromogranine A/B Abcam Rabbit (polyclonal) 1:800 
α-Actin Sigma Mouse (monoclonal) 1:2000 
α-Cdc42 Transduction Laboratory Mouse (monoclonal) 1:800 
α-GFP Sigma Mouse (monoclonal) 1:1000 

 

 

Table 3. 6: 2nd antibody used during the Master Thesis. 
Name Colour Company Dilution 

α Mouse 550 Red Alexa 1:2000 
α Rabbit 550 Red Alexa 1:2000 
α Mouse 488 Green Alexa 1:10000 
α Rabbit 488 Green Alexa 1:10000 

Name Animal Company Dilution 
R_HRP Rabbit Sigma 1:10000 
M_HRP Mouse Sigma 1:10000 
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3.1.6 Plasmid 

Table 3. 7: Plasmids used during the Masters Thesis 
Name Source 

PEG-NPY-GFP Host Laboratory 
Cdc42-GFP Gift from Gasman Laboratory 
luciferase Almery Laboratory 

 

3.1.7 siRNA 

Table 3. 8: siRNA used during the Master Thesis. 
Name Sequence Company 
Lamin ? Dharmacon 
EGFP 5’-GCA AGC UGA CCC UGA AGU UCA-3´ Sigma-Proligo 

luciferase ? Dharmacon 
Cdc42 (A) 5’- GGG CAA GAG GAT TAT GAC ATT-3’ Gasman Laboratory 
Cdc42 (B) 5’-GAC UGC UUU CUU GCU UGU UTT-3’ Dharmacon 
Cdc42 (C) 5’-GAU AAC UCA CCA UCC ATT-3’ Dharmacon 
 

3.1.8 Software 

Table 3. 9: Softwares used during the Master Thesis. 
Imaging programs Metaview; ImageJ; Metamorph; Photoshop 

Data Analysis Excel; Word 

 

 

3.1.9 Cell lines 

 

PC12 cell line: derived from a rat adrenal gland tumor (Pheochromocytoma). 

Provided by Meldolesi Laboratory in Milan, Italy. 

BON cell line: derived from a human metastasis of a pancreatic carcinoid tumor. 

Provided by C. M. Townsend from The University of Texas Medical Branch, USA 
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3.2 Methods 

 

3.2.1 Cell culture 

 

PC12 cells 

 

The PC12 cell line is derived from a rat adrenal gland tumor (Pheochromocytoma). 

They have the ability to synthesize and store the catecholamine neurotransmitter 

dopamine and norepinephrine. In culture PC12 cells appear very small in diameter with 

a triangular form. The growth rate is slow and the passeging should occur every 5 days 

at a ratio of 1:3 with trypsin diluted in PBS (1:5). They differentiate upon administration 

of Neuronal Growth Factor (NGF) and Staurosporin, by developing long dendrite 

outgrowth. They poorly adhere to plastic therefore have to be grown on collagen coated 

plastic dishes glass-slides. The recommended culture medium “Dulbecco´s modified 

Eagle medium (DMEM) has to be supplemented with 1 g/L glucose, 5 % of fetal calf 

serum and 10 % of horse serum. They are cultured at 37 °C with 5 % CO2. PC12 is a 

well secreting cell line and therefore favoured for secretion assays, but they have a very 

low transfection rate (< 30 %). 

 

BON cells 

 

The BON cell line derived from a human metastasis of a carcinoid tumour. They 

contain large granules and secrete serotonin among other peptides. BON cells appear 

large in size with small dendritic outgrowths. The growth rate is fast and cells should be 

passed every 3 days at a ratio of 1:10. They adhere well on plastic flasks and on 

collagen coated glass-slides. The recommended culture medium “Dulbecco´s modified 

Eagle medium (DMEM/Ham’s F12) containing Sodium bicarbonate and glutamine, has 

to be supplemented with 10 % fetal calf serum. They are cultured at 37 °C with 5 % 

CO2. BON cells have a very good transfection rate, but don’t exhibit high levels of 

secretion (~10%). 

The BC21 cells are a stable clone of BON cells that express neuropeptide-Y tagged 

with GFP, a marker of SG. 
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3.2.2 Freezing on BON and PC12 cells 

 

To keep a stock of a cell line it is necessary to freeze them in liquid nitrogen, where 

they can be stored for a very long time. 

 

Procedure: 

− Wash and trypsinize cells. 

− Resuspend in medium and collect in a 50 ml falcon. 

− Centrifuge: 10 min at 1000 x g. 

− Discard the supernatant. 

− Add 2 ml of medium and 10 % of DMSO for one flask and resuspend the cells. 

− Add 1 ml of the cell suspension into one vial. 

− Place into pre-cooled freezing box. 

− Store at –80° C. 

− After 1 to 2 days the vials can be transferred into liquid nitrogen. 

 

3.2.3 Cell transfection 

 

Lipofection 

 

Lipofection reagents, generally anionic lipids entrap small molecules such as DNA 

or RNA and mediate their delivery into the cell. The lipofectant Lipofectamine 2000 has 

to be carefully adjusted to the cell type since a too high amount can have toxic effects. 

 

Procedure: 

− Grow cells until 40 – 50 % confluency – 35.000 to 50.000 cells / 24-well (2 cm²) 

− Prepare 150 µl DMEM (without serum) and add 1.5 µl Lipofectant / 24-well.  

 

 

Table 3. 10: Plasmid and siRNA volumes adopted for lipofection in BOM and PC12 cell lines 
Cell type Plasmid (Cf=100nM) siRNA (Cf=100nM) 

PC12 1.5 µl 1.5 µl 
BON 1.0 µl 1.5 µl 
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− Prepare 150 µl DMEM (without serum) and 0.8 µg vector DNA or 100 nM 

RNAi / 24-well. 

− Mix the two solutions 1:1 (do not vortex!) and led incubate for 15 - 20 min. 

− Add 300 µl of the DNA / Lipofectant mix to each 24-well (CF= 100nM). 

− Discard the solution after 3 h and replace with complete DMEM. 

 

 

DharmaFECT 

 

DharmaFECT is a special lipidic transfection reagent optimized for siRNA 

sequences. 

 

Procedure: Transfection (for 100 nM of siRNA) 

− Prepare 2 µM siRNA solution in siRNA Buffer (1X). 

− Mix 25 µl of 2 µM siRNA and 25 µl of serum-free medium by gently 

pipetting up and down. (volumes for one 24-well). 

− Mix in another tube 50 µl of serum-free medium (volumes for one 24-

well) with DhamaFECT reagent (0.25 µl / 24-well). 

− Incubate both mixes for 5 minutes at r.t. 

− Mix both solutions by gently pipetting up and down. 

− Incubate for 20 minutes at r.t. 

− Add 400 µl of complete medium (volumes for one 24-well). 

− Remove the culture medium from the wells of the 24-well plate. 

− Add 500 µl of the transfection-mix to each 24-well. 

− Incubate cell at 37 °C in 5 % CO2 for 4h. 

− After 4h add 500 µl complete medium. 

− Replace the transfection medium with 1 ml complete medium after 24 h. 

 

 

INTERFERinTM 

 

INTERFERinTM is a power full siRNA transfection reagent that ensures efficient 

gene silencing and reproducible transfection. 
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Two different transfection protocols were applied:  

1. Standard siRNA transfection of adherent cells 

2. Reverse transfection protocol 

 

1. Standard siRNA transfection of adherent cells 

 

Procedure: Transfection (for 60 nM of siRNA) 

− Mix 1,44 µl siRNA (50 µM), 2 µl of INTERinTM and 100 µl of serum-

free medium by gently pipetting up and down. (volumes for one 24-

well). 

− Immediately homogeneize for 10seconds. 

− Incubate for 10 minutes at r.t. 

− Add 400 µl of complete medium (volumes for one 24-well). 

− Remove the culture medium from the wells of the 24-well plate. 

− Add 500 µl fresh pre-warmed complete medium per 24-well. 

− Add 100 µl of transfection mix onto the cells and homogenize by gently 

swirling the plate. The final volume is 600 µl and siRNA concentration is 

60nM. 

− Incubate cell at 37 °C in 5 % CO2 for 4h. 

− After 4h add 500 µl complete medium. 

 

2. Reverse transfection protocol 

 

Procedure: Transfection (for 50 nM of siRNA) 

− Mix 6 µl siRNA(50 µM), 4 µl of INTERinTM and 100 µl of serum-free 

medium by gently pipetting up and down. (volumes for one 24-well). 

− Immediately homogeneize for 10seconds. 

− Incubate for 10 minutes at r.t. 

− Add 200 µl of cell suspension in growth medium (volumes for one 24-

well). The final volume is 300 µl and the siRNA concentration is 50nM. 

− Incubate cell at 37 °C in 5 % CO2 for 4h. 

− After 24h add 700 µl complete medium and incubate as before. 
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3.2.4 RNA Interference 

 

RNA interference is originally a cell based defence mechanism against aberrant 

RNA. Aberrant RNA can either be not completely processed intracellular RNA or 

double stranded derived from a virus, since mammalian RNA is single stranded. 

Therefore the RNA interference is not only a defence mechanism against virus infection 

but also a clearing system that destroys incomplete or broken RNA. This effect was 

detected in 1998 and, since then, harnessed for expression knockdown of proteins. Up 

to now, there are several interference-systems available on the market: RNAi vectors, -

hairpins or double stranded short interfering RNA (siRNA) molecules. The system 

chosen for the knockdown of Cdc42 is a siRNA duplex with a length of about 21 

nucleotides. The sequence of the siRNA was designed according to the target sequence 

and prepared by the company Dharmacon. Because of secondary structure of the target 

mRNA and other disturbing parameters, which are not really clarified yet, it is 

necessary to test two or more sequences targeting different locations. 

 

 
Figure 3. 1: The mechanism of RNA interference. On the left is shown the fate of foreign double-
stranded RNA molecules. They are recognized by an RNase, present in a large protein complex, 
and degraded into short fragments. These fragments are sometimes amplified by an RNA-
dependent RNA polymerase and, in this case, can be efficiently transmitted to progeny cells. If the 
foreign RNA has a nucleotide sequence similar to that of a cellular gene (right side of figure), 
mRNA produced by this gene will also be degraded, by the pathway shown. In this way, the 
expression of a cellular gene can be experimentally shut off by introducing double-stranded RNA 
into the cell that matches the nucleotide sequence of the gene. (Adapted from [1]). 
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3.2.5 Cell extract recovering for electrophoresis and Western blot 

 

In order to load an electrophoresis gel and analyse protein contents, it is necessary to 

recover cell homogenate. Therefore, the cells are collected in a sample buffer (400000 

cells / 24-well). If the sample buffer does not contain b-mercaptoethanol (that 

denaturises the proteins), this reagent is added just before electrophoresis. That makes it 

possible to separate the single proteins in a SDS-Page. 

 

Two procedures were followed: one recovering cells in Triton (0,5%) and another 

directly in Sample-Buffer (1x). 

  

1st Procedure: 

− Remove the medium of the cells. 

− Wash with 5 ml (6-well); 1 ml (24-well) PBS (1X)/MgCl2 (1.2 mM). 

− Remove PBS. 

− Add 200 µl (6-well); 100 µl (24-well) Triton (0.5 %) (on ice), or 150 

− Scratch cells and collect them in a tube that has to be stored on ice. 

− Add 10-20 µl of the cell collection into a separate tube for later protein 

determination. 

− Add 100 µl (6-well); 50 µl (24-well) of Sample-Buffer (3X) to the 

collected cells (not to the tube for protein quantification!) and store at –

20 °C. 

 

2nd Procedure: 

− Remove the medium of the cells. 

− Wash with 5 ml (6-well); 1 ml (24-well) PBS (1X)/MgCl2 (1.2 mM). 

− Remove PBS. 

− Add 300 µl (6-well); 150 µl (24-well) Sample Buffer (1x) (on ice). 

− Scratch cells and collect them in a tube that has to be stored on ice. 

− Store the samples at –20 °C. 
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Triton does not solubilize the proteins from the cytoskeleton, for instance, 

Cdc42.This fact makes this reagent inadequate to analyse Cdc42 contents in cell 

extracts. Therefore, the second procedure was the most commonly used. 

 

3.2.6 Protein Electrophoresis: SDS-Page Gel and Western Blot 

 

A Western blot is used to detect protein in a given sample of tissue homogenate or 

extract. With the help of gel electrophoresis, denaturied proteins can be separated by 

mass. Polyacrylamide gels are most commonly used for SDS-page (Sodium Dodecyl 

Sulfate Polyacrylamide Gel Electrophoresis). SDS is an anionic detergent that 

denaturizes the proteins by dissolving their secondary and non-disulfide linked tertiary 

structure so that the protein migrates in a linear form through the gel (the SDS binds to 

the protein in a ratio of approximately 1.4 g SDS per 1.0 g protein). The addition of the 

reducing agent 2-mercaptoethanol denaturates the protein even more, by reducing the 

disulfide bridges. With the help of a comb one can form wells into the gel where the 

protein, submerged into an appropriate buffer, can be applied. One lane is reserved for a 

"marker," or "ladder," a commercially available mixture of proteins having defined 

molecular weights to compare with the size of the protein of interest. 

 

1/ Gel SDS- Page 

 

− Clean the spacers, the glass and silica plates. 

− Prepare their assembly. 

− Prepare Running Gel . 

 

Table 3. 11: Quantities for two running gels, 23mL total 
Reagents 12% gel 

Acrilamide 30% Bis 0,8% 9,2 mL 
Water 7,70 mL 

1,5 M Tris pH 8,8 5,75 mL 
SDS 10% 0,23 mL 
APS 10% 81,25 µl 
TEMED 34,5 µl 

 

− Add Running Gel between the glass slide. 
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− Add 1 mL water between glass slide. 

− Led polymerize for 20 min. 

− Prepare Loading Gel (quantities for two gels, 23mL total). 

 

Table 3. 12: Quantities for two loading gels, 5mL total 
Reagents 12% gel 

Acrilamide 30% Bis 0,8% 0,65 mL 
Water 3,03 mL 

1,5 M Tris pH 8,8 1,25 mL 
SDS 10% 50 µL 
APS 10% 17,5 µl 
TEMED 7,5 µl 

 

− Eliminate completely the water on running gel. 

− Place the comb. 

− Add Loading Gel. 

− Led polymerize for 15 min. 

− Prepare the Running Buffer: 100mL of TG SDS (10x) fill up to 1L of 

water. 

− Remove, carefully, the comb. 

− Load samples (5-20µl/puit) 

− Run gel at 25mA/gel. 

 

2/ Semi-dry transfer 

 

− Prepare 4 sheets of Whatman paper 3M and one membrane (Immobilon-

P PVDF, Milipore), 11 x 15 cm. 

− Prepare Buffer for semi-dry transfer: 100mL Buffer 10x TG (150mM 

Glycine, 20mM Tris) + 166mL ethanol+ water until filling up 1L. 

− Humidify the 4 Whatman sheets with semi-dry transfer buffer. 

− Soak membrane in methanol. 

− Soak membrane in semi-dry transfer buffer. 

− Prepare a “sandwich” as indicated in the figure below. 
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Figure 3. 2: Schematic representation of the experimental montage used for migrating proteins into 
the membrane. 
 

− Be carefull not to have bubbles between the membrane and the gel. 

− Procede to the electrotransfer: 140 mA for 1h. 

− Take the membrane after the transfer and soak in methanol; led dry for 

15min. 

 

3/ Western Blot 

 

− Prepare 5 % milk in PBS (1x) + Tween (0.1 %). 

− Block the membrane in 20 ml milk for 1 h (shaker). 

− Discard the milk . 

− Incubate the 1st antibody (against the protein of interest) for 1h (shaker). 

− Wash 3x 10 min with PBS (1x) + Tween (0.1 %). 

− Incubate the 2nd antibody (immunoglobuline against the species of the 

first antibodies, that is coupled with the horse-radish peroxidase) for 1h. 

− Wash 3x 10 min with PBS (1x) + Tween (0.1 %). 

 

4/ Revelation 

 

The detection of the protein is based on the conversion of a substrate into a 

fluorescent signal by the protein horse raddish peroxidase (HRP), which is bound to the 

second antibody. This fluorescent signal can be detected and quantified. 

Two chemioluminescent kits can be used: Enhance Chemioluminescence (ECL) 

(Amersham Bioscience) or Lumi-LightPLUS (Roche). 

 

ECL: Mix two signalling compounds; 1mL of each one for one membrane. 

membrane 
gel 

2 x Wathman humidified 

Direction of protein 
migration (- to +) 
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Lumi-LightPLUS: two signalling compounds; 0,5mL of each one plus 2mL of water, 

for one membrane. 

 

− Humidify the membrane with the Western Blot substrate; 

− Place the membrane between two plastic foils. 

− To protect the membrane from light place it into the dark chamber for the 

transport into the dark room. 

− In the darkroom you have to put the photoactive paper on the top of the. 

membrane (mark the left top) and led incubate for several minutes. 

o Developer; 

o Fixator; 

o  H2O. 

 

− Switch on the developer and check if all three solutions are usable: After 

the photoactive paper was exhibited long enough you enter it on the left 

side of the machine. After three/ four minutes the photoactive paper is 

developed. 

 

3.2.7 Image J Quantification 

 

Each single band from a scanned picture of the blot (see Figure 3. 5 A) was plotted in 

correlation to its intensity (see Figure 3. 5 B). The area of the peak above the 

background was quantified (see Figure 3. 5 C).  

 

 

As it was described, the detection of protein depends on an enzymatic reaction, and 

thus, presents a Michaelis-Menten kinectics. In this model, the reaction rate increases 

with the substrate concentration until a constant rate of product formation is achieved. 

At that point, the emitted signal becomes saturated which prevents correct protein 

quantification. It is fundamental to guarantee that the results from membrane revelation 

do not correspond to a saturated signal. By loading increasing volumes of sample that 

will correspond to increasing protein contents, we will be able of detecting signal 

saturation. This procedure was realized for both actin and Cdc42 proteins and two 
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signal linearity ranges were established (see Figure 3. 3and Figure 3. 4). For each 

sample condition that we would like to compare, we use Western Blot signal under 

saturated conditions. 

 

 
Figure 3. 3: Deposit volume versus ImageJ signal. Actin linearity range. 

 

 
Figure 3. 4: Deposit volume versus ImageJ signal. Cdc42 linearity range. 
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The amount of actin in each sample was quantified and used to normalize the amount 

of Cdc42. The factor between each sample was estimated and multiplied to the 

calculated Cdc42 quantity. 

 
Figure 3. 5: A) Scanned blot; the two red squares indicate the plotting-area B) The plotted intensity 
from the first and second selected area. The big peaks (1 and 2) represent the signal intensity of 
Cdc42. C) The estimated peak signal (in pixel). 
 

3.2.8 Cell Fixation on Coverslips 

 

Cells can be fixed to a coverslip and maintained in their original shape with the help 

of PFA (paraformaldehyde), which stabilizes the cells and keeps them in their shape. 

 

Procedure: 

− Wash: 1 x 300 µl / 24-well; PBS+ (1 mM MgCl2). 

− Fixation: 1 x 200 µl / 24-well; PBS+ / 4% PFA (ParaFormAldehyde); 15 

min. 

− Wash: 3 x 300 µl / 24-well; PBS+ 

− Fix: Add drop of Moviol to coverslip and place the glass slide upside 

down. 

− Dry: 1 h; 37 °C 

 

1 

2 

1 2 

lamin Cdc42 

siRNA: A B 

C 
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3.2.9 TIRFM (Total Internal Reflection Fluorescence Microscopy) 

 

Total internal reflection is an optical phenomenon. Usually when light passes from a 

medium of higher refractive index to a medium of lower refractive index (for instance 

from glass to water), the light is refracted away. Exceeding a specific angle of 

incidence, the light will not transmit into the lower refractive index medium and will 

instead be totally reflected. This angle depends on the refractive indices of the media 

(n1=glass, n2=water): 

q = sin-1(n2/n1) 

Still some of the energy of the total reflected beam reaches a short distance (a few 

hundred nanometres) into the water, generating an evanescent wave. If this energy is not 

absorbed, it passes back into the glass. However, if a fluorophore molecule is within the 

evanescent wave it can absorb photons and be excited. 

 

 
Figure 3. 6: This model shows a magnified side-view of the mechanism of TIRFM. A laser beam is 
send from the bottom in such an angle that the beam is completely reflected, but the energy of the 
laser reaches a bit further into the medium. Fluorophores in this area can get excited; in this case 
transfected fluorescent SG markers that are present in this region. 

 

BON cells that were transfected with a fluorescent marker (NPY-mRFPor NPY-

GFP) were checked with the TIRF microscope. The NPY positive SGs in the closest 

proximity to the glass-slide (close to the cell periphery) get excited by the laser beam 

and emit fluorescence, which can be detected under the microscope. Since only the area 

i 

z 

I 

Enterochromaffin cell (BON) 
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of the cell, which is directly adherent to the glass gets excited, it is possible to get 

fluorescence with a very low background. 

 

 

3.2.10 Secretory Vesicles Quantification by Multidimensional Image Analysis 

(MIA)  

 

The number of secretory vesicles present in a cell print can be determined using 

Multidimensional Image Analysis (MIA). This software incorporated in Metamorph is 

able to segment a structure in many sub-structures, using watershed technique.  

The watershed technique simulates the arising of water in a relief defined by the 

image. The waters coming from different sources split into two different sets: catchment 

basins and watershed lines. The watershed transformation consists in flooding the 

topographic surface from a previously defined set of markers. 

MIA uses this technique to divide the cell print in different basins that will 

correspond to different vesicles. Therefore, the number of basins detected should refer 

to the number of secretory granules present in the print (see Figure 3. 7). 

 

 

 
Figure 3. 7: (A) Photo of a cell print taken by TIRFM: (B) Image segmentation by MIA. Bar 1µm. 

 

3.2.11 Secretion 

 

We incubate the cells with the tritiated serotonine ([3H]-5HT) in order to accumulate 

the neurotransmitter inside the cell, and at he end inside the granules by an active 
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transport mechanism. After this uptake period we stimulate the cell and recover the 

amount of serotonine that is release in the supernatant. We parallel we recover the 

radioactivity that is still inside the cells. 

 

Procedure 

− Prepare uptake solution: 0,3 µl 5-hydroxitriptamine (Cf=10nM)+ 300 µl 

culture medium (volumes per one 24-well). 

− Remove the culture medium from the wells of the 24-well plate. 

− Add 300 µl of uptake solution to each 24-well; 

− Incubate cells, for 3h. 

− Wash with 500 µl culture medium each 24-well; 

− Chasse: incubate cells at 37ºC in 5% CO2 for 2h, with culture medium. 

− Prepare solution of supplemented Locke solution: 

 

Table 3. 13: Compositionof  Locke solution 

Locke 10 X 
  PM  for 1L  for 3L  [Cf] mM 
NaCl 58,44  90,00  270 g  1540 
KCl  74,55  4,17  12,52 g 56 
NaHCO3 84,01  3,02  9,07 g  36 
Glucose 180,16  10,09  30,27 g 56 
Hepes 238,3  11,92  35,75 g 50 
 
Ajust à pH 7.4 with NaOH 5 N (~ 3.1 ml). 
 
Final Concentrations f (1X) : 
Glucose 5,6 mM 
HCO3

- 3,6 mM 
Cl-  159,6 mM 
Na+  157,6 mM 
K+  5,6 mM 
Hepes 5 mM 
~337 mOsm 
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Table 3. 14: Composition of supplemented Locke solution 

Supplemented Locke Mg/Ca 1X 
 
   For 500 ml For 250 ml For 50 ml  [Final] 
Locke 10X  487,2 ml 243,8 ml 48,75 ml  1X       
Hepes 0,5 M pH 7,4 10 ml  5 ml  1 ml   10 mM 
CaCl2 0,5M  2500 µl 1250 µl 250 µl   2,5 mM 
MgCl2 2M  300µl  150 µl  30 µl   1,2 mM 
 
Final Concentrations: 
Glucose 5,5 mM 
HCO3

- 3,5 mM 
Cl-  163.7 mM 
Na+  154,5 mM 
K+  5,5 mM 
Hepes  15 mM 

Ca2+  2,5 mM 

Mg2+  1,2 mM 

~350 mOsm  

 

− Wash twice the wells with 500 µl supplemented Lock. 10 min for each 

wash. 

− Prepare stimulation solution: 

For 10mL: 

10 mL supplemented Locke 

2 µl ionomycine (Cf= 1µM) 

10 µl ATP (100 µM) 

− Add 250 µl/24-well of stimulation solution or supplemented Locke 

(stimulated or non-stimulated conditions) in a seriated way, every 20 seconds. 

− 20 min pause. 

− Recover each supernatant into its corresponding counting vial, in a 

seriated way, every 20 seconds. 

− Add 500 µl emulsifier to each vial. 

− Add 300 µl Triton 100x 1% to each 24-well and the recover cell extracts 

to the corresponding counting vial. 

− Add 500 µl emulsifier to each vial. 

− Insert vials in the liquid scintillation analyzer and wait for the counting of 

radioactivity measurements. 
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4. Results 
 

 

Since the Rho GTPase Cdc42 directly interferes with actin polymerization and plays 

an active role in exocytosis (see section 1.4) , it has been thought that, by inhibiting its 

expression in cells, both the actin cortex and the SG secretion would suffer alterations 

and, maybe a link could be established between them. From the collaboration with S. 

Gasman, it has been acknowledged that silencing of Cdc42 is a powerful tool in PC12. 

Therefore, the reduction of endogenous Cdc42 in cells using RNA interference became 

the start point to all assays realized. 

Notice that, in order to turn the results more robust, the assays were made in two 

different neuroendocrine cell lines: BON (human) and PC12 (rat). 

 

4.1 Presence of Cdc42 in BON and PC12 cells 

 

Endogenous Cdc42 is detectable on Western Blot at about 21kDa on both BON and 

PC12 cells (see Figure 4. 1). 

 

 
Figure 4. 1: In these Western Blots, a clear signal Cdc42 can be seen in both BON and PC12. 

 

 

4.2 Cdc42 silencing 

 

After confirming that Cdc42 is present in BON and PC12 cells, the next step was to 

determine the effect of the siRNA duplex used to silence Cdc42 in those cellular lines. 

BON AOC PC12 

26 kDa 

17 kDa 

5 µl 10 µl 5 µl 10 µl 
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The duplex chosen was the same used by S. Gasman and his collaborators (Malacombe 

et al., 2006) 

To determine and quantify the reduction of Cdc42 in cells transfected with siRNA 

against this protein, there is the need of a control. In this work, two references were 

taken: 

- non-transfected cells; 

- cells transfected with a siRNA control that must not target a protein present in the 

cell. 

The first siRNA chosen targeted one isoform of lamin once it is an intermediate nuclear 

filament type protein not expressed in BON neither in PC12 cells. However, 

observations made in secretion experiments suggested that this control was not reliable 

(theses results are shown further ahead in section 3.4.1). Thus, two other siRNA were 

used: one against GFP (Green Fluorescent Protein) and another against luciferase. 

A day after plating, the cells were transfected using a siRNA transfectant reagent 

(Dharmafect or Interferrin) in order to achieve an intracellular siRNA concentration of 

about 100nM. 72h later, cell extracts were recovered and prepared for gel 

electrophoresis and immunoblotting with monoclonal antibodies against Cdc42 and 

actin (see sections 3.2.4 and 3.2.5). The blots were quantified using ImageJ software in 

order to compare the amount of endogenous Cdc42 in cells transfected differently. 

Thus, the silencing effect refers to the difference between the quantity of Cdc42 present 

in cells transfected with siRNA control or siRNA against this protein. The 

quantification is normalized using actin levels (section 3.2.6). Notice that normalization 

is a fundamental procedure once it permits to verify if each cell deposit contains the 

same amount of material and, in a negative case, it allows comparing deposits with 

different quantities. The choice of actin as a reference was due several facts: 

- this protein exhibits high quantity in cells; 

- Cdc42 do not affect the quantity of monomeric actin proteins within cells; 

-  it is detected at 42 kDa (its signal is very spaced from the one of Cdc42); 

- The primary antibody exhibits a clean signal (see Figure 4. 2). 
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Figure 4. 2: Clean detection of actin signal by Western Blot. 

 

Furthemore, the Western Blot conditions were set up in order to be in the signal 

linearity range (see section 3.2.6).   

 

4.2.1 Single Transfection 

 

First, cells were subjected to only one transfection and were incubated with the 

siRNA for 72h, as it was performed in the publication of Gasman laboratorial team 

(Malacombe et al., 2006). Only then, the cells were recovered to quantify silencing 

effects by Western Blot. Notice that, in most experiments, for the same silencing 

condition, more than one cell deposit was made with a different volume. This procedure 

aimed to: 

- find unsaturated conditions, that is, under the limit of quantification techniques; 

- a greater robustness on the obtained results by quantifying few lane for a single 

experiment. 

Four silencing tests were made in BON cells and two in PC12. In BON cells, three 

experiments were made on BON AOC, and one on BC21.  

 

43kDa 

34kDa 

Signal actin at 42kDa 

7,5µl 10µl 15µl 
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Silencing Levels obtained in BON cells 

 

The results are summarized in Figure 4. 3. 

 

 
Figure 4. 3: Determination of the Cdc42 silencing by comparing Cdc42 quantity in cells transfected 
with siRNA against Cdc42 and cells transfected with siRNA against lamin (control cells). Notice 
that these results refer to an analysis of Cdc42 expression after 72h of a single siRNA transfection 
in BON cells. (A) Illustration of a blot with Cdc42 silencing in both BON AOC and BC21 cells. The 
up signal corresponds to actin and allows the normalization of Cdc42 signal. Downwards, the 
Cdc42 signal shows an intensity decrease in cells transfected with siRNA against Cdc42. In BON 
AOC, the silencing effect is 64% and, in BC21, it is 42%. (B) Table with the results form the several 
silencing experiences on BON cells. (C) Histogram schematizing the results from Table B.  
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Silencing Levels obtained in PC12 cells 

 

The results are summarized in Figure 4. 3 and Figure 4. 4. 

 
Figure 4. 4: Results obtained from Cdc42 silencing in PC12 cells. Notice that these results refer to a 
single transfection and 72h of siRNA exposure. PC12 cells transfected with siRNA targeting Cdc42 
are compared to cells transfected with control siRNA (against lamin) (A) First blot with Cdc42 
silencing PC12 cells. The up signal corresponds to actin and allows the normalization of Cdc42 
signal. Downwards, the Cdc42 signal shows an intensity decrease of about 45% in cells transfected 
with siRNA against Cdc42. (B) Second blot with Cdc42 silencing PC12 cells. The up signal 
corresponds to actin; the signal exhibits saturation, however, the extract quantity in each deposit 
doesn’t present considerable variation. Downwards, the Cdc42 signal shows an intensity decrease of 
about 89% in cells transfected with siRNA against Cdc42. (C) Table with the obtained result for the 
silencing effect of Cdc42. (D) Histogram schematizing the results from Table C. 
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recovering, the electrophoresis conditions and the relation signal-to-noise in the blot 

interfere with the silencing determination.  
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Figure 4. 5: Histogram presenting the silencing effect on BON and PC12 cells after one single 
transfection with siRNA targeting Cdc42. 

 

4.2.2 Two-fold transfection 

 

The reduction of endogenous Cdc42 is achieved by only one transfection with 

siRNA. However, the percentage of Cdc42 remaining in cells is still important (~48 ± 

7%) which indicate that, maybe with a double transfection, the silencing effect can 

increase. The main advantage of a double transfection resides on the ability of renewing 

the level of siRNA in cells, since, the siRNA firstly transfected begins to be degraded 

by the intracellular RNAases. This ability of maintaining siRNA concentration in cells 

prevents Cdc42 expression level to increase and thus improves silencing conditions. 

However, it must be stated that sometimes a double silencing may not be the best 

option. Indeed, at each transfection cells are damaged.  

 

Two experiments of double transfection (using two distinct  transfection reagents) 

were realized: one in BC21 and one in PC12 cells. Notice that the second transfection 

only took place 24h past the first and that the extracts were only recovered after 72h of 

silencing. The results are presented in Figure 4. 6. 
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Figure 4. 6: Silencing Results from double transfection with siRNA against Cdc42. (A) Blot 
obtained from transfecting twice BC21 cells with siRNA against Cdc42 or Luciferase; NT- non-
transfected cells, Cdc42 – cells transfected with siRNA against Cdc42, CTRL – cells transfected 
with control siRNA, in this case, siRNA against luciferase. Two different transfectants were used: 
Dharmafect and Interferrin. (B) Blot obtained from transfecting twice PC12 with siRNA against 
Cdc42 or GFP; two deposit volumes were done and the presented silencing result is the average 
between them. (C) Quantification results from Cdc42 silencing in BC21 and PC12 cells. (D) 
Histogram schematizing the results from Table C. 
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performance. The option of trying a new reagent to transfect cells comes from the 

knowledge that transfection is a cellular damaging technique. Therefore, to optimize 

transfection conditions it is necessary to choose the most suitable reagent, considering a 

ratio between the appearance of the cells and the efficiency of the silencing. 
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In BON cells, the results obtained by two sequenced transfections are extremely 

promising. The silencing level increases from 60% to 81%, with Dharmafect, or even to 

100%, with Interferrin. 

In PC12 cells, the silencing results after a double transfection (56%) are similar to a 

single transfection (67%). The slight decrease is not significant since the results from a 

single transfection are very disparate (45% and 89%) and the result from the double 

transfection is right between them (59%). 

 

4.2.3 Pool of siRNA 

 

The small sequence of the silencing duplex used may some time hybridize with 

undesirable gene transcripts due to a partial complementarity with unintended mRNA 

targets. This phenomenon is called off-target effect and is more perceived at high 

siRNA concentrations. Therefore, the siRNA concentration employed is an important 

factor in gene silencing. There must be a balance between target gene knockdown and 

off-target effects. Recently, a new way to silence a gene appeared and seems to improve 

this balance. By employing a “pool” of different siRNA sequences targeting to the same 

gene, it becomes possible to use lower concentrations of each siRNA and thus 

considerably reduce the off-target effect. This strategy has proven to be effective in 

diminishing off-target effects and also in improving on-target gene knockdown. 

With this knowledge, we decided to use three different siRNA duplexes at lower 

concentrations (20nM instead of the 100nM used until now). The results obtained are 

very promising. A major morphological effect is visible after only 24h in cells 

transfected with the siRNA pool (see Figure 4. 8). However, due to lack of time, it was 

not possible to quantify the silencing level by Western Blot. This quantification will be 

done by the host laboratory in the next experiments. 

 

4.3 Silencing Effects on cell Morphology 

 

The first thing to do is to observe carefully the cells after silencing treatment. No 

appearant damage was detected in cells transfected with Cdc42 siRNA, neither death. 
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However, with time, the cells begin exhibiting thing extensions. Therefore, we decided 

to attempt effect quantification and also to observe attentively actin within cells. 

 

4.3.1 Cell extensions 

 

Single Tranfection 

 

BC21 cells were transfected with Cdc42 siRNA or Lamin siRNA (control assay) for 

72h (single transfection). Then, the coverslips containing the cells were observed using 

an inverted microscope Nikon TE 2000E and a coolSNAPES CCD camera. Digital 

images were taken thanks to MetaVue software and they were treated with Metamorph 

(see Figure 4. 7). 

 

 
Figure 4. 7: Observation of NPY-GFP in BC21 cells transfected with siRNA Cdc42 or lamin. The 
digital images were taken 72h after transfection. 
a and b refer to cell extensions. Bar, 15µm. 

 
A typical BON cell exhibits a spread-out triangular shape with SG enriched 

peripheral regions. The preliminary observations indicated that cells, after Cdc42 

silencing, present a changed morphology under lower density (their extensions were 

longer and slimmer than in control cells) and a smaller cellular body. The term 

extension is used to refer to the plasma membrane prolongations that grow from the 

main cell body (see Figure 4. 7). It is possible to observe SG accumulation at the tips of 

some extensions in Cdc42 silenced cells. 

To verify this hypothesis, pictures were taken with a 10x objective of both control 

and silenced cells. Firstly, the number of cells with slim extensions was compared with 
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the number of present cells per field. Secondly, the average number of extensions per 

cell was determined and, thirdly, the length of each observable extension was measured. 

The results can be seen in Table 4. 1, Table 4. 2 and Table 4. 3. 

 

Table 4. 1: Determination of the percentage of cells with slim extensions. 
517 cells transfected with siRNA Lamin and 560 cells transfected with Cdc42 were observed. 

 Percentage of cells with slim extensions(%) 
Cells transfected with siRNA Lamin 39.5 
Cells transfected with siRNA Cdc42  47.9 

 

Table 4. 2: Average number of extensions per cell. 
30 cells transfected with siRNA Lamin and 42 cells transfected with Cdc42 were observed. 

 Average number of extensions per cell 
Cells transfected with siRNA Lamin 2,2 
Cells transfected with siRNA Cdc42  1,3 

 

Table 4. 3: Average extension length. 
14 5cells transfected with siRNA Lamin and 141 cells transfected with Cdc42 were observed. 

 Average extension length (µm) 
Cells transfected with siRNA Lamin 2.97 
Cells transfected with siRNA Cdc42  5.86 

 

From the results shown above, it is possible to notice that cells subjected to Cdc42 

silencing have fewer extensions but thinner and longer. These morphological effects 

confirm the efficacy of the Cdc42 knockdown in transfected cells. 

 

Double Transfection and siRNA pool 

 

BC21 cells were transfected twice with an interval of 24h with, not only one siRNA 

Cdc42, but also, with a pool of three distinct siRNA. The siRNA control used was 

luciferase. Images were taken 48h after the second transfection (see Figure 4. 8) and it is 

possible to see distinct morphological differences between the conditions with or 

without siRNA against Cdc42: 

1) non-transfected cells – NT; 

2) control cells – CTRL; 

3) single siRNA Cdc42 – SS Cdc42; 

4) siRNA Cdc42 pool – Mix. 
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Figure 4. 8: Digital images taken in BC21 cells 48h after second transfection (10x). Four 
transfection conditions were done: non-transfected cells (NT); control cells (CTRL); single siRNA 
Cdc42 (SS Cdc42); mix siRNA A B and C (Mix). Bar, 10 µm. 

 

 

In Figure 4. 8, it is possible to see more slim and long extensions in cells subjected to 

Cdc42 silencing (both SS Cdc42 and Mix). These results are coherent with the ones 

obtained with a single transfection. Furthermore, cells transfected with the siRNA pool 

not only exhibit the silencing characteristic extensions but also a more healthy 

appearance (they are larger and more spread out). Another fact that must be referred is 

that, the silencing phenotype was detected earlier in Mix condition, at about 24h after 

second transfection. In conclusion, the double transfection of a siRNA pool against 

Cdc42 seems to be the better silencing method. Further experiments must be realized to 

gain complete certainty. 

 

Curiously, we don’t observe any visible change in morphology for PC12 cells after 

Cdc42 silencing treatment. 

 

 

CTRL NT 

SS Cdc42 Mix 
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4.3.2 Actin Cytoskeleton 

 

We decided to look at the actin cytoskeleton inside BON cells after Cdc42 silencing. 

Actin can be vizualized after fixation of the cells and labelling with the rhodamin 

phalloidin (in red). First, we made two observations: 

1. presence of thin and dense labelling like compact cable structures in close 

vicinity of the plasma membrane; 

2. less small filopodia that emerge from cell cytoplasma. 

 

The first observation is difficult to quantify, however it is easily seen by imaging. 

 

 
Figure 4. 9: Observation of microfilaments marked with rhodamine phaloidin in BON AOC cells. 
 

In Figure 4. 9, it is possible to see that cells transfected with siRNA against Cdc42 

present, near the plasma membrane, actin structures more dense. It looks like the 

microfilaments form tight bundles parallel to the plasma membrane. These structures 

are not present in control cells and no explanation for their presence is known. 
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To quantify the number of filopodia present in cells, Photos were taken and divided 

in smaller fields. Then, the number of visible filopodia was counted in each field and an 

average was determined (see Figure 4. 10) 

 

 
Figure 4. 10: Observation of actin filaments marked with rhodamine phalloidin by fluorescence. 
(A) Digital image of BC21 cells. The yellow square is a field in which the number of  filopodia is 
determined. (B) Field in which the number of  filopodia is determined. The orange arrows point to 
filopodia. (C) Table with the average number of filopodia per field in cells transfected with Cdc42 
siRNA or lamin siRNA. (D) Histogram illustrating th e results presented in table C. 

 

Cells transfected with siRNA against Cdc42 present lower number of filopodia (see 

Figure 4. 10). The decrease is estimated at 30%. To increase the liability of this results, 

further observations must be done to actin cytoskeleton in cells under silencing 

conditions. However, this preliminary result is favourable to the idea that the reduction 

of endogenous Cdc42 in cells is causing detectable effects. 
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4.3.3 Secretory Granules (SG) distribution within cells 

 

SGs are generally enriched at the cell periphery and in cell extensions. Frequently, 

they can also be scattered in the cell and, under certain conditions, concentrate in the 

perinuclear region, particularly, in Golgi area. 

An important issue was to observe the influence of the decrease of endogenous Cdc42 

on SG localization within the cells. We want to see if it is still possible to observe a SG 

enrichment in silenced cells. These observations were already made by the host 

laboratory for SGs labelled with proteins as endogenous Rab27a, chromogranine 

(marker protein) or NPY-GFP (after transfection). 

 
Figure 4. 11: Digital Photos at 100x that illustrate the three types of SG distribution inside cells. 
The SGs are visualized by fluorescence thanks to the marker NPY-GFP. (A) BC21 cells with 
peripheral SG enrichment. The orange arrows point to high granular density at extensions end. (B) 
BON AOC cells transfected with a plasmid containing NPY-GFP sequence. At the cell extremities, 
there is a high granular density (orange arrows). (C) BC21 cells with homogenous granular 
distribution. (D) BON AOC cells transfected with a plasmid containing NPY-GFP sequence. There 
is a notable perinuclear distribution of SGs (see pink circle). 

 

BON cells expressing the NPY-GFP granule marker were visualized using an 

inverted microscope Nikon TE 2000E and a coolSNAPES CCD camera. To acquire 

digital images the software MetaVue was used. Two experiments were performed: one 

SG enrichment in cell periphery 
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in BC21 cells and another in BON AOC transfected with NPY-GFP. The number of 

cells with peripheral SG enrichment was counted and compared with the number of 

cells per field. In control cells, the percentage of cells with peripheral SG enrichment is 

in agreement with the general observations made previously by the host laboratory 

(~60%). 

The results pointed to a slight decrease on peripheral distribution in silenced cells 

(~30%), however, the difference is not significant (see Figure 4. 12). In some cases, as 

with Myosin Va or MyRIP silencing, the effect was more pronounced. 

 

 
Figure 4. 12:Quantification of cells with peripheral SG distribution.  

 

Furthermore, we also notice the presence of granules in the slim extensions of cells 

treated with Cdc42 siRNA. Thus, it is thought that the decrease of Cdc42 doesn’t 

prevent granule migration to the periphery of cells. 

4.3.4 Secretory Granules density in cell periphery 

 

In order to determine whether the Cdc42 silencing has an effect on the number of VS 

close to plasma membrane, the most suitable technique is the Total Internal Reflection 

Fluorescence Microscopy (TIRFM). This technique provides a means to selectively 

excite fluorophores in an aqueous or cellular environment very near a solid surface 

(within ≤ 200nm) without exciting fluorescence from regions farther from the surface , 
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therefore, it becomes the best tool to visualize only a specific peripheral region just near 

the plasma membrane. 

BC21 cells expressing the fluorescent NPY-GFP as a SG masker and transfected 

with siRNA lamin or Cdc42 were checked with TIRF microscope. The NPY positive 

SG in the closest proximity to the glass-slide (close to the cell periphery) get excited by 

the laser beam and emit fluorescence, which can be detected under the microscope. 

Films at 10Hz were taken at a depth of 100nm. In those films it is possible to visualize 

the SG in a well defined cell footprint. Therefore, the number of vesicles was 

determined using Multidimensional Image Analysis (MIA) software (see section .2.8), 

and expressed as the density of SG for 100µm2 of print size. 

 
Figure 4. 13: SG peripheral density in BON cells at 100nm. (A) et (B) BC21 cellular print observer 
by TIRFM. (A) Cell transfected with siRNA targeting lamin. (B) Cell transfected with siRNA 
targeting Cdc42. (C) Histogram illustrating SG quantification of data. For each cell, SG density 
was determine by dividing the number of SG by the size of the cell print.The .results are expressed 
as the number of VS per 100µm2 of print size. Single experiment: 16 cells transfected with siRNA 
Lamin and 16 cells transfected with Cdc42 were observed. 
 

The SG density in control cells is around 80 SG / 100 µm2, which is coherent with 

known previous results of the host laboratory. Nonetheless, this experiment show an 

increase in the number of NPY-GFP positive granules at the periphery of cells after 

Cdc42 silencing. This increase is estimated at 44%. Further experiments have to be 

done to confirm this decrease. In future approaches, the use of different control siRNA 

and siRNA against Cdc42 can help to inlight the subject. 
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Furthermore, the realized films may also be used to perform single particle tracking 

in order to study SG mobility in these areas of the cell. In the subplasmalemmal region, 

SG can display differents kinds of movements (Huet 2006): few of them have directed 

motion on microtubules, some are docked (immobilized and stably attached) to the 

plasma membrane and the rest display apparent browinian motion and diffuse within the 

actin cortex. Notice that single particles tracking is a powerful technique (Desnos et al., 

2003) but requires extreme dedication and time. Therefore, we choose to confirm these 

preliminary results before starting such study with the films acquired.  

 

4.4 Secretion 

 

4.4.1 Serotonin Secretion 

 

In order to determine the effect of Cdc42 on exocytosis, we measured secretion on 

cells after to Cdc42 silencing, in both stimulated and non-stimulated conditions. 

Therefore, assays of secretion were made in non-transfected cells (NT cells), cells 

transfected with a siRNA control (control cells) and cells transfected with Cdc42 

siRNA. The cell lines used were BON, BC21 and PC12. A first series of experiments 

was done 72h after one or two transfection with siRNA duplex. The corresponding 

Cdc42 silencing level goes around 60%. 

In a secretion test, cells are incubated with radioactive serotonine (5HT*), a 

physiological neurotransmitter, that accumulate inside the cells into their secretory 

granules for three hours. After extensively washing, cells are stimulated. Secretion is 

triggered by the entrance of calcium within cells, using a calcium ionophore (se section 

3.2.10). Supernatant and cells are recovered separately what allows to measure the 

secreted radioactivity. Therefore, radioactivity levels are expressed in percentage of 

5HT* in the supernatant compared to the total contents before stimulation (supernatant 

and intracellular medium).  

For each condition, there are three independent cell dishes and the secretion result 

will be the average between them. In the absence of Ca2+ ionophore, unstimulated cells 

illustrate the experiment noise. As small is the corresponding signal value, lower is the 

noise. To determine the ratio signal-to-noise is fundamental for a proper result 
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interpretation. To better understand this procedure, a typical secretion assay is further 

shown (see Table 4. 1). 

 

Table 4. 4: Results from a typical secretion assay. This test was done in BON AOC. NT – non-
transfected cells; CTRL – cells transfected with siRNA lamin; Cdc42 – cells transfected with siRNA 
Cdc42; Stim – Ca2+ stimulation condition; NStim – non-stimulation condition. Notice the curious 
control results: commonly, they are similar to non-transfected cells and, here, they are smaller. 

Condition 
Supernatant 

Radiactivity 

Cellular 

Radiactivity 

Total 

Radiactivity 

Secretion 

(%) 
Average 

Specific 

secretion (%) 

4792 16788 21580 22,21 
4259 16711 20970 20,31 NT_Stim 

3837 16352 20189 19,01 
20,5 ± 0,9 

2019 18387 20406 9,89 
1983 19223 21206 9,35 NT_NStim 

2071 18319 20390 10,16 
9,8 ± 0,2 

10,7 

2713 13604 16317 16,63 
2949 15961 18910 15,59 CTRL_Stim 

3479 14851 18330 18,98 
17,1 ± 1 

1951 15360 17311 11,27 
1840 15242 17082 10,77 CTRL_NStim 

2405 17183 19588 12,28 
11,0± 0,2 

6,1 

3514 12510 16024 21,93 
3647 11982 15629 23,33 Cdc42_Stim 

3313 11988 15301 21,65 
22,3 ± 0,5 

1872 13532 15404 12,15 
1821 14511 16332 11,15 Cdc42_NStim 

1753 14342 16095 10,89 
11,7 ± 0,4 

10,7 

 

The percentage of secretion is determined by: 

 

100
ityRadioactiv Total

ityRadioactivt Supernatan
Secretion% ×=  

Eq 1 
 

Therefore, the specific secretion level is given by the difference between secretion in 

stimulated and non-stimulated conditions: 

 

NStim %Secretion-StimSecretion %Secretion Specific% =  

Eq 2 
 

Notice that, for the majority of secretion tests, the level of Cdc42 silencing was 

measured by Western Blot and cell morphology was observed. 

 

Stimulated Secretion in BON cells 
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Four independent secretion experiments were made in BON cells (three in BON 

AOC and one in BC21) using siRNA against lamin as siRNA control. The results are 

summarized in Figure 4. 14: 

 
Figure 4. 14: Secretion results in BON cells using siRNA lamin as siRNA control. (A) Table 
summarizing the results from the four secretion experiments. (B) Histogram illustrating percentage 
of secretion. (C) Histogram illustrating percentage of Specific secretion. NT – non-transfected cells; 
CTRL – cells transfected with siRNA lamin; Cdc42 – cells transfected with siRNA Cdc42; Stim – 
Ca2+ stimulation condition; NStim – non-stimulation condition.  

 

In Figure 4. 14 , the results for control cells are much smaller than in non-transfected 

cells. The decrease is about 40%. This observation questions the validity of siRNA 

Lamin as a control because, normally, control conditions should be similar to non-

transfected conditions. It is not possible to know if the secretion decrease is due to off-

target effects or not. Furthermore, this uncertainty prevents a reliable interpretation of 

results, even if decreasing the level of Cdc42 in cells does not seem to affect 5HT* 

release. To overcome this obstacle, we tried secretion assays with another siRNA 

control. This would permit to determine the nature of the observed decrease. 
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Nevertheless, notice that no morphological effects were observed in cells transfected 

with siRNA lamin. 

Two secretion tests were realized using siRNA targeting GFP; the correspondent 

results can be seen in Figure 4. 15. 

 

 
Figure 4. 15: Secretion results in BON cells using siRNA GFP as siRNA control. (A) Table 
summarizing the results from the two secretion experiments. (B) Histogram illustrating percentage 
of secretion. (C) Histogram illustrating percentage of Specific secretion. NT – non-transfected cells; 
GFP – cells transfected with siRNA GFP; Cdc42 – cells transfected with siRNA Cdc42; Stim – 
Ca2+ stimulation condition; NStim – non-stimulation condition. 

 

The results presented in Figure 4. 15 show very similar results between control and 

non-transfected cells. This fact infers that siRNA against GFP is a better siRNA control 

than against lamin. 

In order to determine the effect of Cdc42 knockdown in secretion assays using lamin 

siRNA, it has been considered a good option to use non-transfected cells as reference. 

Notice that, even if it is not the current procedure, the similarity between GFP siRNA 
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and non-transfected results points to its validity. In this way, it is possible to use all 

secretion tests realized in order to take conclusions. 

Surprisingly, by observing Figure 4. 14 and Figure 4. 15, no difference in secretion 

stimulation can be detected in BON cells exposed to Cdc42 silencing (16 ± 3 %) or 

reference cells (16 ± 3 %) (non-tranfected or transfected siRNA targeting GFP). 

 

Stimulated Secretion in PC12 cells 

 

Three secretion experiments were realized also in PC12 cells. These cells present a 

better response to Ca2+ stimulation and do not exhibit a decrease in secretion when 

transfected with siRNA lamin. Therefore, the two experiments done using lamin siRNA 

as control and the single experiment using GFP siRNA, will be treated together. Results 

are shown in Figure 4. 16. 
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Figure 4. 16: Secretion results in PC12 cells using siRNA lamin and GFP as siRNA control. (A) 
Table summarizing the results from the two secretion experiments. (B) Histogram illustrating 
percentage of secretion. (C) Histogram illustrating percentage of Specific secretion. NT – non-
transfected cells; CTRL – cells transfected with siRNA lamin; GFP – cells transfected with siRNA 
GFP; Cdc42 – cells transfected with siRNA Cdc42; Stim – Ca2+ stimulation condition; NStim – 
non-stimulation condition. 

 

From Figure 4. 16, it is possible to notice a small decrease in stimulated secretion in 

cells transfected with siRNA targeting Cdc42 of 15% which means nothing. However, 

this phenomenon is reproducible and observed in the three independent experiments; it 

cannot be neglected.  

 

Figure 4. 17 summarizes the secretion results in BON and PC12 cells. 
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Figure 4. 17: Histogram summarizing all the results obtained in the secretion assays. There is no 
observable effect of Cdc42 knockdown on stimulated secretion, in BON cells. In PC12 cells, a slight 
decrease can be detected (~13%). 

 

This absence of effect on secretion was not expected once the published paper of 

Malacombe et al (2006) states that reduction of endogenous Cdc42 inhibited the 

secretion of growth hormone stimulated by a depolarizing concentration of K+  (about 

70% reduction in secretion). Since our secretion results were realized with ~60% 

silencing of Cdc42 while theirs was about 75% (or more due to the difference between 

their protocol and ours, this subject is explained in detail in the section 5), the first 

thought was that the silencing achieved here may not be sufficient to affect secretion. 

Therefore, the next step was to realize secretion assays with better silencing conditions. 

As it has been previously stated, it is thought that a pool of different siRNA duplexes 

may have better knockdown gene effects. Thus, the following secretion test was realized 

using cells transfected with different siRNA duplexes against Cdc42 (sold by 

Dharmacon as worthy on Cdc42): 

- siRNA duplex A (60nM final concentration) (Malacombe et al., 2006); 

- siRNA duplex B (60nM final concentration) (recently acquired by the host 

laboratory); 

- siRNA duplex C (60nM final concentration) (recently acquired by the host 

laboratory); 

- “pooling” of the three siRNA A, B and C (20nM final concentration each) 
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Notice that this test was made in both BON AOC and PC12 cell lines. The cells were 

transfected twice and the experiment was done 72h after the first transfection. 

The secretion results in BON AOC cells are presented in Figure 4. 18. 
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Figure 4. 18: Histogram schematizing the percentage of stimulated secretion in BON AOC cells 
under six different transfection conditions. NT – non-transfected cells; CTRL – cells transfected 
with siRNA luciferase (60nM); A, B and C- cells transfected with three different siRNA duplexes 
targeting Cdc42 (60nM); Mix - cells transfected with a siRNA pool constituted by the mix of the 
three siRNA duplexes targeting Cdc4 A, B and C (20nM each). 

 

In Figure 4. 18, a small decrease in stimulated secretion can be noticed in every 

transfection condition with siRNA targeting Cdc42. The decrease average is 17 ± 3 % 

which is not significant. Furthermore, even if the silencing quantification by Western 

Blot of these cellular extracts has not been done yet, notable morphological effects were 

observed (see Figure 4. 8). One of the next steps will be to quantify the remaining 

Cdc42 in cells, in order to avoid any doubt in the results. 

 

The secretion results in PC12 cells are presented in Figure 4. 19. 
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Figure 4. 19: Histogram schematizing the percentage of stimulated secretion in PC12 cells under six 
different transfection conditions. NT – non-transfected cells; CTRL – cells transfected with siRNA 
luciferase (60nM); A, B and C- cells transfected with three different siRNA duplexes targeting 
Cdc42 (60nM); Mix - cells transfected with a siRNA pool constituted by the mix of the three siRNA 
duplexes targeting Cdc4 A, B and C (20nM each). 

 

In Figure 4. 19, no significant difference in stimulated secretion between the several 

silencing conditions can be detected, as compared with control conditions. Notice that 

the control results obtained are similar to the exhibited by non-transfected cells which 

supports the liability of the secretion test. However, as in BON cells, the silencing 

quantification by Western Blot of the cellular extracts has not been done, even if 

morphological effects caused by the silencing are easily visualized. 

 

4.4.2 Chromogranin and NPY-GFP Secretion 

 

Since the attempt to optimize Cdc42 silencing in order to detect a significant 

variation in stimulated secretion did not bring evident results, a new hypothesis arised. 

Since the published paper of Gasman et al (2006) states an inhibition in the secretion of 

human growth hormone (GH), one possible explication for the disparity on our results is 

that, here, we measure the secretion of the monoamine serotonine. These two granular 

molecules exhibit a considerable difference in size, and so, maybe their secretion does 

not follow completely the same mechanism (see sections 1.2.4 and 5 ). To test this 

hypothesis, the following step was to study the secretion of a macromolecule, 
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endogenous chromogranin (70kDa). This protein comes from the intragranular matrix 

and is released upon secretion. 

Western Blotting assays were realized with the supernatant of cells stimulated and 

non-stimulated, in order to detect chromogranin secretion. In parallel, it has also been 

observed NPY-GFP secretion. This GFP tagged protein is a granule marker that is also 

released upon secretion. It exhibits, with the GFP tag, an intermediate size between 

serotonine and chromogranine (~43kDa). 

The first obtained blots did not exhibit any signal in the supernatants, neither in 

chromogranine immunoblotting, neither in NPY-GFP immunoblotting. Results can be 

seen in Figure 4. 20. 

 

 
Figure 4. 20: Results from Western Blot assays realized with the supernatant of cells Ca2+ 
stimulated and non-stimulated, in order to detect chromogranin (A) and NPY-GFP (B) secretion. 
Cellular Extracts: 1/10 of cells; Supernatants: 1/10 of supernatant. Even if there is a signal is 
cellular extract deposits, no signal is detected in either supernatants (A or B). 
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The complete absence of signal in supernatant does not necessarily mean that no 

chromogranine and NPY-GFP were secreted. It can mean that the concentration of 

chromogranine and NPY-GFP is too little to be detected (notice that BON cell line is 

known to present low values of secretion). In order to overcome this problem, it has 

been decided to concentrate the supernatants, using microcon filter (milipore) before 

running them on the electrophoresis gel. In this way, the protein content in each sample 

may be higher enough to be detected by immunoblotting. In the next Western Blot, the 

protein content in the supernatants was increase 10x (see Figure 4. 21). 

 

 
Figure 4. 21: Results from Western Blot assays realized with the supernatant of cells Ca2+ 
stimulated and non-stimulated, in order to detect chromogranin (A) and NPY-GFP (B) secretion. 
The supernatants recovered come from BC21 cells with different siRNA transfection conditions: 
NT – non-transfected cells; CTRL – cells transfected with siRNA luciferase; Cdc42 – cells 
transfected with siRNA Cdc42. Two transfected reagents were used: Dharmafect and Interferin. 
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By concentrating the supernatants, it becomes possible to detect a signal in both 

chromogranine and NPY-GFP. However, there is no main difference between 

stimulated and non-stimulated conditions. Moreover, between the three siRNA 

transfection conditions (NT, CTRL and Cdc42), there is neither a perceived difference. 

These observations lead to the idea that maybe there could be lysed cellular contents in 

the supernatants. However, in our experiment illustrated in Figure 4. 21, before 

concentration, the supernatants were centrifuged for 20min at 800G, to spin down 

contaminating cells. Unfortunately, even with a centrifugation, it is impossible to 

eliminate cell lysis; it remains present even at minimum concentrations. As, after the 

centrifugation, the supernatants were 10x concentrated, the intracellular proteins were 

also concentrated. Therefore, the way chosen to test if the detected signals are secreted 

molecules and not intracellular content was to immunoblot an intracellular protein, not 

secreted. Actin was thought to be the best choice (see Figure 4. 22). 

 

 
Figure 4. 22:Actin signal detected by Western Blot (42 kDa). 

 

A strong actin signal is detected in the supernatants which means that, effectively, 

they are contaminated with cellular debris. The main conclusion to be taken is that, for 

studying stimulated secretion of chromogranine and NPY-GFP in BON cells, Western 

blot is not the more suitable technique. Most probably, the best option would be to 

analyse secretion of chromogranine tagged GFP or NPY-GFP by imaging. This 

methodology is currently used and under investigation by the host laboratory. 
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5. Discussion 
 

This work aimed to a better understanding of actin cytoskeleton role in exocytosis. 

Since the Rho GTPase Cdc42 is known to regulate actin polymerization, the strategy 

employed was to affect its endogenous expression within cells and observe the 

consequences. The main aspects focused were cell morphology, SG distribution and 

stimulated secretion. Two neuroendocrine cell lines were used for this purpose, BON 

and PC12. 

This work comes as a continuation of the work realized by S. Gasman and associates, 

once they are collaborators with the host laboratory. Previously, using GTPase mutants, 

they had found that Cdc42 facilitates exocytosis in neuroendocrine cells (PC12) by 

probably promoting actin polymerization in the subplasmalemmal region (Gasman et 

al., 2004). In addition, they studied the functional importance of endogenous Cdc42 in 

PC12 cell exocytosis using a short interference RNA (siRNA) strategy (Malacombe, 

2006).  

 

5.1 Set up of Cdc42 silencing 

 

From this starting point, the first step has been to develop a Cdc42 silencing protocol 

with optimal conditions. This means trying to obtain a maximal reduction of 

endogenous Cdc42 in cells without jeopardizing their viability. 

The first approach was to transfect once the same siRNA duplex described in 

Malacombe et al. (2006) in both BON and PC12 cells. The silencing levels obtained, 

after 72h incubation, were quite similar: 60 ± 8 % in BON cells and 67 ± 22% in PC12 

cells; however they do not reach the 75% stated by Malacombe et al. (2006). Maybe, the 

dissimilarity of results is due to the difference between the two silencing techniques. In 

Malacombe et al. (2006), the siRNA duplex is incorporated in a plasmid (pGHsuper) 

which is transfected in cells by electroporation. In addition, the plasmid also expresses 

full-lengh human growth hormone (GH) protein. To the 75% reduction in endogenous 

Cdc42 correspond an efficiency of transfection around 60-80%. The most probable 

result is that all the cells exhibiting the plasmid will not express Cdc42, however the 

remaining 20-40% non-transfected cells have a normal Cdc42 expression. Therefore, 
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the major limitation of this technique is the electroporation efficiency and the toxicity 

for cells. The technique described in this work reaches almost every cell (80-90%), as 

was previously determined by the laboratory (transfections were performed with a 

fluorescent labelled siRNA duplex). So the major limitation is not the number of 

transfected cells but the siRNA duplex effectiveness. This means that, even if every cell 

is transfected, the reduction of Cdc42 expression may never be complete. In general, the 

effectiveness of a siRNA duplex depends on many factors: its sequence; its 

concentration within cells, its stability against enzymatic degradation and the turnover 

of the target protein. Since the siRNA duplex used was the same used in both 

approaches, sequence homology cannot explain the difference in results. In our case, we 

used a smaller concentration that we refused to increase in order to limitate secondary 

effects. Furthermore, it should be noticed that a siRNA duplex transfected is more 

susceptible to enzymatic degradation than a plasmid. These two factors combined may 

be responsible for the less efficiency of our method and explain why we also performed 

double transfection assays. 

 

5.1.1 Two-fold transfection 

 

A double transfection will renew the level of siRNA in cells, since, these duplexes 

are susceptible to enzymatic degradation. This procedure is meant to maintain a higher 

level of siRNA inside cells. However, it must be stated that a two-fold transfection 

exhibits a higher danger in cell damaging. In fact, transfection is a damaging technique 

for cells and, therefore, must be realized as few times as possible, in order to prevent 

cell inviability. 

The results of a two-fold transfection were promising in BON cells: an increase of 

about 25% to 40% on silencing effect was detected (from the 60 ± 8 % with single 

transfection, we achieved 80% using dharmafect as transfectant or 100% using 

interferrin). The results in PC12 were not so elevated. Indeed, the silencing effect 

reached no more than 59%. Consequently, it is thought that, in PC12 cells, two 

transfections do not improve the reduction of Cdc42 in cells and that the silencing levels 

must be around 60%.  

The different action of a two-fold transfection in BON and PC12 cells is not 

shocking. On the contrary, it is only an evidence that different cell lines respond 
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differently to manipulations. Thus, it is always a good procedure to use more than cell 

model to bring more robustness to the observed results. 

It has been stated that, in BON cells, two transfectant reagents were used: dharmafect 

and interferin. Testing two tranfectants instead of only one is also an optimization 

procedure. Indeed, the transfectant nature will influence the transfection performance; 

but may also damage cells, resulting in non-specific effects. The results presented here, 

clearly indicate that interferin is a better transfectant: with it we achieve a total silencing 

(100%) while, with dharmafect, there was still 20% of endogenous Cdc42 remaining in 

cells. Moreover, after transfecting with interferin, cells continue in a good shape what 

was confirmed by collaborators from the laboratory on other cell models. 

 

5.1.2 Off-target effects 

 

A main obstacle in silencing techniques is the occurrence of off-target effects. These 

phenomena occur through partial complementarity of the siRNA with unintended 

mRNA targets. These changes in gene expression can lead to measurable phenotypes, 

for instance, false positives. It is of great importance to understand the mechanism 

behind off-targeting so that strategies can be developed to minimize its undesirable 

effects. The adopted strategy came from the knowledge that off-targets are 

concentration-dependent, that is, as the concentration of the siRNA is reduced, off-

target effects faded. In order to improve gene knockdown without major off-target 

effects, the strategy applied was to pool three different functional siRNA duplexes 

designed to target the same gene (the one used in the previous silencing experiments 

and two others tested by the supplier company). This procedure allows the use of 

smaller concentrations (~20nM) for each siRNA duplex which will be translated in a 

strong on-target gene knockdown with minimal off-target effects.  

The quantification of the silencing obtained by using this technique has not been 

determined yet. However there are strong morphological evidences that point to a high 

level of silencing. . Furthermore, when comparing the morphology of cells transfected 

with an individual siRNA or a pool of three, cells seem healthier with the pool. Then, it 

is possible to notice the effectiveness of the siRNA pool in inhibiting off-target effects. 
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In conclusion, the discrepancy between our silencing results and those stated in 

Malacombe et al. (2006) is notably small and should not be translated on major 

differences in further observations. 

 

5.2 Silencing Effects on cell Morphology 

 

BON cells, after being transferred with siRNA against Cdc42, present a changed 

morphology; their extensions were longer and slimmer than in control cells and the 

cellular body appeared to be smaller. Those observations were quantified and the results 

showed that 47,9% of silenced cells present slim extensions in comparison with the 

39,5% of control cells. Furthermore, a “typical” BON cell transfected with siRNA 

against Cdc42 has the tendency to present, in average, an unique long extension (~ 6 

µm), while a control cell present two, but shorter (3 µm). Morphological effects were 

detected in BC21 cells after two-fold transfection of the previously stated siRNA pool. 

One interesting observation we made, is the presence of dense bundles of actin in cell 

periphery, mainly parallel to the plasma membrane. More investigations have to be 

done to determine the origin of these structures, like using TIRFM with actin tagged 

GFP. 

These effects confirm knockdown Cdc42 efficacy. Therefore, it becomes possible to 

know if there is silencing before doing an Western Blot. 

In PC12 cells, no main morphological effect is observable. This fact brings new 

evidence supporting the idea that different cell lines may respond distinctly to the same 

treatment. Moreover, PC12 cell body is usually smaller than BON cells due to less 

lamellipodia that extend from the cell (flat extensions at the cell periphery filled with a 

branching meshwork of actin filaments, Figure 1.12). The formation of lamellipodia is 

triggered by the activation of Cdc42 or Rac, so, it is clear that the regulation of these 

GTPases differs in PC12 and BON cell lines. In BON cells, it seems that decrease of 

Cdc42 has the tendency to polarize the cell that shows only one extension (similar to an 

axon in neurons). However, the actin structure needed to grow such extension is not 

known precisely. 
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5.2.1 Effect on Actin Cytoskeleton 

 

As previously referred, Cdc42 is a mediator of two kinds of membrane protrusions: 

lamellipodia and filopodia. The filopodia are thin, transient actin protrusions that extend 

out from the cell surface and are formed by the elongation of bundled actin filaments in 

its core (see Figure 1.12). Their formation depends predominantly on Cdc42 activation. 

Therefore, the reduction of Cdc42 is expected to have greater effects on the presence of 

filopodia than in the presence of lamellipodia (if in absence of Cdc42, lamellipodia can 

be formed by Rac activation).  

From photos taken to BC21 cells, where actin is labelled with rhodamine phalloidin, 

a decrease of 30% on the number of filopodia can be determined between silenced and 

control cells. This decrease is not considerable; however, it was described that Cdc42 

silenced cells still present filopodia. Other cell types, as fibroblast cells still form 

filopodia even in the absence of endogenous Cdc42 (Czuchra A., 2005). This is due to 

the complexity inherent to all these regulation pathways. For instance, it is known that 

Rif/RhoF, RhoD and Wrch1 can all induce filopodium extensions, and so, might 

substitute Cdc42 (Aspenstrom et al., 2004; Ellis et al., 2005; Pellegrin et al., 2005). To 

conclude, these regulatory pathways vary in function of cell types and can explain the 

difference between BON and PC12 morphology. 

 

5.3 Secretory Granule distribution within cells 

 

5.3.1 SGs are still present in cell periphery 

 

Modifications in actin cytoskeleton may have important consequences on the SG 

distribution within cells. So, we observed NPY-GFP labelled granules in BON cells 

after silencing or in control conditions.  

The majority of control cells exhibits enrichments of SG in cell periphery. A signal 

can also be noticed at the Golgi complex (organelle where the granules are originated). 

In silencing conditions, there is an insignificant reduction of cell with clearly 

enrichment of SGs (-20%). However, our observations indicate that the reduction of 

endogenous Cdc42 does not prevent granule migration to the periphery of cells. 
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Furthermore, we have also observed SG in the extremity of the long, slim extensions 

characteristic of silenced cells. 

 

5.3.2 Secretory Vesicles density in cell periphery 

 

In the revue Malacombe et al (2006), it is stated that Cdc42 plays an important role at 

the latter stages of exocytosis. Cdc42 is activated at the plasma membrane; it recruits N-

WASP and enhances actin polymerization in the subplasmalemmal region. Moreover, 

Arp2/3 is associated with SGs and follows them to docking sites at the plasma 

membrane. Thus, the sequential ordering of Cdc42, N-WASP and Arp2/3 at the 

interface between SGs and the plasma membrane must provide an actin structure that 

improves the effectiveness of exocytosis. 

One question that still remains unanswered is at which step Cdc42 interferes: SG 

docking or fusion? Therefore, the study of the effect of Cdc42 silencing in SG docking 

at the plasma membrane can be very interesting. To achieve that goal, it becomes 

necessary to visualize the region just close to plasma membrane of the cell, without 

interference from other regions deeper within. The most suitable technique is the Total 

Internal Reflection Fluorescence Microscopy (TIRFM) that provides a means to 

selectively excite fluorophores in an aqueous or cellular environment very near the 

plasma membrane, adherent to the coverslip (within ≤ 100nm) without exciting 

fluorescence from regions farther from the surface (Axelrod, 2001). 

Particularly, in this work, we choose to do a preliminary observation of SG density 

plasma membrane region. For that, we used single images taken from the films shot by 

TIRFM, of BC21 cells. Cdc42 silenced cells exhibit SGs at 100nm of membrane 

penetration depth, but also, a little increase in granular density can be measured: 

silenced cells show 153 SGs / 100 µm2 of cell print and control cells show 86 SGs / 100 

nm2 of cell print. The estimated increase is 44%. 

These results support the idea that the absence of Cdc42 in cells does not prevent SG 

migration to the periphery, but indicate that Cdc42 can have a role in controlling the 

accumulation towards the plasma membrane. Furthermore, SGs are even able to reach 

the subplasmalemmal region where, maybe, they will dock. 

Until now, SG docking was not analysed yet. However, at a penetration depth of 

100nm, films were made of BC21 cells in both Cdc42 silencing and control conditions. 
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These films are adequate to analyse silencing effects on SG docking in further 

experiments. 

 

5.4 Secretion 

 

In Malacombe (2006), stimulated secretion of GH was analysed upon Cdc42 

silencing and control conditions, in PC12 cells. Notice that the silencing procedure used 

for the secretion test differs from the one that exhibits the 75% Cdc42 silencing in cells. 

For the secretion test, they use GenePorter (Gene Therapy Systems) that exhibits very 

low transfection efficiency (5%-25%). However, since they measure GH secretion on 

transfected cells that express also the siRNA duplex, the low transfection efficiency has 

no consequences on the results. In these conditions, they state an inhibition on GH 

secretion of 70%. 

In the present work, after confirming the effectiveness of the Cdc42 silencing 

conditions, we tried to confirm the effect on secretion with our experimental approach. 

Therefore, assays of secretion were made, on release of serotonin, in cells transfected 

with siRNA control cells and cells transfected with Cdc42 siRNA. The cell lines used 

were BON and PC12. The secretory assays worked satisfactorily, we have around 20% 

secretion in BON and 40% in PC12 (results coherent with previous tests realized by the 

host laboratory). 

Surprisingly, the first results showed no effect on stimulated secretion in BON cells, 

and only a 15% inhibition in PC12 cells. Even with an optimization of silencing 

conditions (silencing achieved using siRNA pool or double transfection), no significant 

inhibition is detected.  

Thus, our results present an astonishing difference between with the achieved by 

Gasman and collaborators. Since the silencing conditions used in this work have proven 

to be improved for this kind of difficult cells, it is unlikely that the difference between 

silencing levels could be the answer for this dissimilarity.  

However, there is a main distinction between the presented stimulated secretion test 

and the one from Malacombe et al. (2006). In their paper, they analyse the secretion of a 

macromolecule, the human growth hormone, and here, it is measured the secretion of 

the small monoamine serotonine. The size of the molecule secreted can be the cause of 

this incompatibility of results.  
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As it is currently known, there are different mechanisms by which exocytosis can 

occur. For instance, after vesicle docking at plasma membrane, two phenomena can take 

place: 

-a small pore is formed between the vesicle and plasma membranes and only small 

molecules can pass through and be released in the extracellular medium; 

-both vesicle and plasma membranes fuse completely and there is a total release of 

the vesicle contains in the extracellular medium (notice that, beside peptides and other 

small molecules, granules are rich in macromolecules that form a dense matrix). 

Thus, one very exciting hypothesis would be that Cdc42 is involved in the process of 

complete fusion between vesicular and plasma membranes. In that way, it would be 

explained why, in the absence of Cdc42, the secretion of macromolecules is inhibited 

but not the secretion of smaller molecules, as monoamines. This hypothesis is coherent 

with the idea that actin assembly is essential for terminal homotypic membrane fusion, 

that is, actin network is necessary for fusion between plasma and granular membrane.  

The main assumption that relates actin and the opening and/or closure of the fusion 

pore is based on the observable formation of microfilaments around the granules at 

docking sites. These filaments may be produced by the combined action of Cdc42, N-

WASP and Arp2/3(Gasman, 2004). Additionally, it has been demonstrated that both full 

fusion and “kiss and run” occur to varying membrane extents in neuroendocrine cells 

and may depend on stimulation conditions. 

Consequently, if the absence of Cdc42 inhibits the secretion of macromolecules but 

not of small molecules, it is very probable that Cdc42-triggered actin filaments may 

grant a mechanism to activate full fusion exocytosis. 

To test the validity of this hypothesis is extremely interesting. For that reason, the 

following step was to study the secretion of a macromolecule, chromogranin (70kDa), 

once it is a protein from the intragranular matrix that is released upon secretion. 

Western Blotting assays were realized with the supernatant of cells stimulated and non-

stimulated, in order to detect chromogranin secretion. In parallel, the secretion of the 

granule marker NPY-GFP was analysed in the same supernantants. The interest of 

detecting secreted NPY-GFP remains in the fact that this labelled protein has an 

intermediate size between serotonin and chromogranine. Unfortunately, we realized that 

Western Blot is not a suitable technique to detect secreted proteins. The contamination 

with lysed cellular contents prevents us to distinguish the levels of secretion. In next 
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studies, stimulated secretion of chromogranine tagged GFP and NPY-GFP will be 

analysed by imaging, a current procedure in the host laboratory. 

 

In this Master Thesis, many questions have arised concerning Cdc42 role in 

regulated exocytosis. The reduction of this protein in the cells clearly can affect their 

morphology, particularly by changes in the actin cytoskeleton. A new hypothesis has 

born and new studies must be realized in order to test its validity. Furthermore, it has 

been shown that, before concluding, a robustness in results is required. Clearly, testing a 

single experimental condition in a single cell line is insufficient to make general 

conclusions. 
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