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Syntaxin 11 regulates platelet granule release and hemostasis 
by 

Ricardo González Delgado 

 

Abstract 

Degranulation, a form of regulated exocytosis, is essential for platelet participation in hemostasis. 

The interaction between Syntaxin (Stx) and Munc18 proteins is required for exocytosis. We have 

proven that selective genetic deletion of Munc18-2 eliminates regulated exocytosis in platelets, 

but its Stx partner was not known. Among the exocytic Stx (1A, 1B, 2, 3, 4, and 11), we proved 

that Stxs1A, 1B, and 3 are not expressed platelets. Others have shown that deletion of Stx2 and 

4 had no consequences on platelet degranulation. Now our goal is to study if Stx11 is involved in 

platelet exocytosis. We created a Stx11 conditional knockout mouse and crossed it with a 

platelet-specific Cre mouse to generate cell-specific Stx11 deletants. We evaluated the exocytosis 

of individual subpopulations of platelet granules stimulated with thrombin or collagen. Platelets 

lacking Stx11 had a marked decrease in dense granule exocytosis with both agonists, but alpha 

and lysosomal granules were only affected when thrombin was used. Stx11-deficient platelets 

had no deficiency in granule biogenesis and were capable of undergoing full activation. Platelets 

from Stx11 deletant mice had deficient aggregation and ex vivo thrombus formation. In vivo, all 

these defects translated into protection from arterial thrombosis, and in abnormal hemostasis after 

venous and arterial injury, in mice lacking Stx11 in their platelets. 

 

Keywords: Syntaxin 11; SNARE complex; Platelet; Regulated exocytosis; Granules; Hemostasis 
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Chapter 1 

1. Introduction 

Membrane fusion is essential for vesicular transport in all eukaryotic cells. Abnormalities 

in this process contribute to a wide range of disorders (e.g., diabetes, cancer, infections and 

neurological diseases)1. Most of the molecular elements involved in membrane fusion have 

already been elucidated, but their temporal and spatial interactions are not fully understood yet2. 

During exocytosis the membrane of a secretory vesicle fuses with the plasma membrane, 

releasing its contents into the extracellular space and incorporating the components of its 

membrane into the plasma membrane. The best-studied model of exocytosis in mammals is 

neuronal synaptic vesicle release. While most of the molecular elements that mediate this process 

have been described, many protein counterparts that regulate exocytosis in other cells remain 

unidentified3. 

Platelets play key functions in maintaining blood vessel integrity (hemostasis) and in 

occluding blood vessels during pathologic processes (thrombosis). They are also involved in 

inflammation, angiogenesis, and innate immunity. Upon activation, platelets degranulate 

(regulated exocytosis), releasing different kinds of molecules into the extracellular space, 

molecules that have a myriad of effects on other platelets, other cells, and the coagulation 

cascade4. 

Although it is known that granule secretion is essential for proper platelet function, the 

proteins that mediate this membrane fusion in platelets have not been clearly defined. This thesis 

will characterize one of the essential elements of this exocytic machinery, Syntaxin 11, and its 

role on exocytosis of each type of platelet granule. Also, by deleting expression of this protein 

only in platelets, we expect to disrupt platelet exocytosis, and use these mutant animals to study 

the role of platelet degranulation in different physiological and pathological processes that require 

the presence of platelets. 
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2. Background 

2.1. Platelets 

Platelets (thrombocytes), are anucleated cytoplasmic discs (diameter of 2-3 µm for 

humans and 0.5 µm for mice) derived from megakaryocytes (MKs). About 150 × 109 platelets/L 

for adult humans and 1000 × 109 platelets/L for mice are in circulation with a lifespan of 8-12 days 

in humans and 3-4 days in mice5. Platelets play important roles in a variety of responses such as 

hemostasis, thrombosis, inflammation, angiogenesis, and anti-microbial defense6. 

2.1.1. Platelet biogenesis 

Platelets released into circulation are the final product of MK differentiation and maturation. 

This process is known as thrombopoiesis. 

2.1.1.1. Megakaryocytes 

MKs derive from hematopoietic stem cells (HSC) and constitute less than 1% of the bone 

marrow cells7. All the cells committed to the megakaryocyte lineage express cluster of 

differentiation (CD) CD34, CD61, and high levels of CD418. MKs differentiation is predominantly 

regulated by thrombopoietin, and its receptor cMpl and supported by stem cell factor, and 

interleukin 3, 6 and 119,10. 
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Figure 1. Megakaryocytes maturation. From the myeloid progenitor, colony forming unit granulocyte-

erythroid-macrophage-megakaryocyte (CFU-GEMM) is a potential progenitor for stem cells and the 

precursor that can give rise to biclonal colonies composed of megakaryocytic and erythroid cells. Cells in 

the burst forming units (BFU-Meg) are the progenitors with the highest proliferation rate. After 21 days in 

human (12 days in mice), they give rise to colony forming cells (CFU-Meg) that have a lower proliferation 

capacity but is the colony forming unit that leads to the production of MKs. The promegakaryoblast is the 

first morphologically recognizable megakaryocyte precursor in the bone marrow. A megakaryoblast (stage 

I megakaryocyte) is around 15 - 50 µm in diameter and appears intensely basophilic due to the high number 

of ribosomes. At this stage, the megakaryoblast is already tetraploid (4N) and the cytoplasm lacks granules. 

Promegakaryocytes (stage II megakaryocyte) are 20 - 80 µm in diameter, less basophilic, and contains 

some granules. Once the MKs are fully matured, they can produce platelets. Reproduced from (Michelson 

AD. Platelets (2013). Amsterdam, Netherlands: Academic Press). 

MKs developmental stages have characteristic morphology, histochemistry and 

biochemical markers (Fig. 1). The whole cycle takes approximately 14 days in human and 4 days 

in mice. The end product is a large (diameter up to 150 µm)11, basophilic (due to the large number 

of ribosomes)9, polyploid (humans, range: 4N – 128N, mode = 16N) cell12, which can produce 

large amounts of RNA, proteins and granules destined to be part of the future platelets. 

MKs undergo endomitosis and become polyploid through repeated cycles of DNA 

replication without cell division, resulting in a cell containing multiples chromosomal copies13. MKs 



Chapter 2. Background  4 

 

 

do enter mitosis, they proceed from prophase to anaphase, but do not enter telophase, and thus 

do not undergo cytokinesis10. 

In their late stages, MKs enter cytoplasm development, acquiring platelet-specific proteins, 

organelles, and membrane systems that will ultimately be subdivided and packaged into platelets. 

At the end of the process, MKs have demarcation membrane system (DMS), dense tubular 

system (DTS) and granules. The DMS is a large pool of cytoplasmic membrane channels 

composed of flattened cisternae and tubules derived from invaginations of the plasma membrane. 

It has been proposed that the DMS is the source of proplatelet surface membranes and that it 

further develops into the open canalicular system (OCS) in platelets14. The DTS is an enclosed 

compartment inside the platelets which is believed to be the site of prostaglandin synthesis. MKs 

granules are loaded at this stage, their cargo comes from endogenous synthesis or imported from 

exogenous sources via endocytosis, pinocytosis or transmembrane transport8. 

2.1.1.2. Thrombopoiesis 

Several models try to explain thrombopoiesis. Platelet budding proposes that platelets are 

shed from the periphery of MKs. However, these microscopic structures on the surface of MKs 

most probably represent pseudopods because electron microscopy (EM) studies revealed that 

they lack platelet organelles. Cytoplasmic fragmentation proposes that the DMS first separates 

the cytoplasm in territories and then a massive fragmentation of the cytoplasm with extensive 

internal membrane reorganization along these boundaries creates platelets, but there is no direct 

evidence that this shattering occurs8. 

Current evidence supports the proplatelet formation model. Proplatelets are long and thin 

tubular prolongations emanating from the MKs. These extensions carry multiple interconnected 

platelet-size beads thought to be precursors of mature platelets (Fig. 2)15. The termination of the 

extensions ends as bulbous tips similar in size and morphology to actual circulating platelets7. It 

is hypothesized that these beads are released in the endothelial lining of blood sinuses, where 

they are placed into circulation entering further fragmentation into individual platelets16. All these 

processes require extensive cytoskeletal rearrangements17. 
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Figure 2. Proplatelet model of platelet production. (A) During MK maturation a spectrin-based 

cytoskeleton assembles along the DMS. The DMS constitutes a membrane reservoir for platelet production. 

(B) Extension of large pseudopodia from platelets began the proplatelet production. Proplatelets are formed 

at the bulbous ends. (C) Proplatelet branching and elongation is driven by microtubule and actin 

polymerization, and DMS membrane reorganization. Kinesins transport mitochondria and granules to the 

tip of the proplatelets along the extending microtubules. (D) Almost the entire surface and cytoplasm of 

MKs are diverted towards the proplatelets, which are released into circulation as preplatelets (anucleated 

discoid particles of 2-10 µm in diameter) that further divide into platelets. Reproduced from (Patel-Hett S, 

et al. Blood 2011;118(6):1641-52). 

Before being released into circulation, nascent platelets at the tips must be first loaded 

with granules and organelles. During MKs development, multivesicular bodies mature into dense 

and alpha granules7. These structures up to 500 nm µm in size undergo a transition to become 

smaller vesicles (30-70 nm) with predominantly packed dense material. Mature granules and 

organelles use kinesin-dependent transport along the microtubule shafts to move bidirectionally 

until they are captured at proplatelet ends9. MKs proplatelets release preplatelets into the venous 

sinuses of the vascular niche7,8. The residual material of an MKs is phagocytized by a macrophage. 

The preplatelets shed by MKs exceeds mature platelet dimensions (3-10µm), suggesting that 

platelet formation continues in blood. A possibility is that hydrodynamic shear stress is essential 

in fragmenting preplatelets into individual platelets18. 
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Human needs to produce about 150 × 109 new platelets daily to maintain a blood 

concentration of 150-400 × 109 platelets/L. A single MKs is estimated to generate 1-3 × 103 

platelets19. As MKs mature, they must migrate from the osteoblastic niche to a region in proximity 

to venous sinusoids (vascular niche), because in the osteoblastic niche ligands of glycoproteins 

(GP) Ia/IIa, IIb/IIIa, and Ibα inhibits proplatelet formation, while ligands such as type IV collagen, 

fibrinogen, and vitronectin found in the vascular niche promote proplatelet production10. 

Studies suggest that platelets are not only produced in the bone marrow, but also in the 

lungs, where they produce ~50% of total circulating platelets in mice20. Thrombopoiesis shares 

some markers of apoptosis such as cytoskeletal reorganization, membrane condensation, and 

ruffling, and platelet formation requires the activation of some apoptosis signaling. In early MKs it 

is thought that that platelet formation is impeded by apoptosis inhibitors such as Bcl-2 and Bcl-xL. 

On the other hand, senescent MKs do not express Bcl-xL, while caspases 3 and 9 are activated. 

Inhibitions of these proteases in mature MKs prevents proplatelet formation8. 

2.1.2. Platelet dynamics 

Platelets have a lifespan of ~10 days in humans and ~5 days in mice. About 2/3 of platelets 

are present in general circulation while the remaining is reversely sequestered in the spleen. Only 

a small percentage of the platelet loss comes due to hemostatic processes, most of the platelets 

are cleared by the reticuloendothelial system in the liver and spleen. 

The family of pro-survival genes that prevents apoptosis are Bcl-2, Bcl-xL, Mcl-1, A1, and 

Bcl-w. The way these proteins maintain cell viability is by restraining pro-death signaling by Bak 

and Bax. In a murine model lacking the Bcl-xL gene, platelet lifespan was reduced from 5 days to 

24 hrs. The same group using the compound ABT-737 that mimics the pro-apoptotic BH3 proteins 

caused a dose-dependent thrombocytopenia. Deletion of Bak almost doubled platelet lifespan21. 

These results suggest that the lifespan of platelets depends on the intrinsic apoptosis pathway. 

The molecular clock model has been proposed to explain how platelets enter apoptosis. The lack 

of a nucleus limits platelets capacity to synthesize new proteins, therefore Bcl-xL levels start to 

decrease. Once the platelet reaches senescence Bcl-xL is exhausted, and Bak is released from 

inhibition and activates the apoptotic signaling cascade8,22. 

2.1.3. Platelet cellular organization 

Figure 3 shows a representation of the structure and main elements that make up a 

platelet. 
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Figure 3. Platelet morphology. Mature platelet organelles distribution, along with some of the main 

membrane receptors bound to a ligand. Adapted from (Watson HG, et al. Blood Disease (2017). Retrieved 

from https://basicmedicalkey.com/blood-disease/). 

2.1.3.1. Platelet plasma membrane 

Platelet plasma membrane is densely packed with a diverse type of surface receptors that 

finely regulate platelet activation and function (Table 1)23. 

Table 1. Platelet membrane receptors. Cellular function of the different groups of receptors found in 

platelets external membrane. 

Platelet receptor  Function 

Integrins Signaling molecules and adhesion to proteins 

found on the vessel wall or other cells. 

Leucine-rich repeats receptor Formation of protein complexes: GPIb-IX-V 

complex, toll-like receptors, and matrix 

metalloproteinases. 

Selectin Adhesion to other cells. 

Tetraspanins Signal transducers. 

Transmembrane receptors Receptors in charge of activation and 

aggregation (e.g., ADP, and thrombin). 
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Prostaglandin receptors Modulatory functions. Thromboxane receptors, 

prostacyclin (PGI2), PGD2 and PGE2. 

Lipid receptors Mediate inflammation, anaphylaxis, platelet 

aggregation, and degranulation. 

Immunoglobulin superfamily receptors Recognition, binding, and adhesion to cells. 

Tyrosine kinase receptors Receptors for cytokines, growth factors, 

hormones, and other signaling molecules. 

Miscellaneous platelet membrane receptors Serotonin, CD36, C1q, Lysosomal-associated 

membrane proteins (LAMP), CD40. 

 

Ion pumps in the plasma membrane control the exchange of ionic compounds between 

the inside and outside the cell. Ca2+ pumps are especially important when allowing an influx of 

Ca2+ required for platelet degranulation. Phospholipid asymmetry is maintained by flippases that 

keep negatively charged phospholipids (phosphatidylserine and phosphatidylinositol) in the inner 

leaflet to maintain the surface of the platelet in a non-procoagulant state. Once platelets are 

activated, flippases and scramblases expose amino phospholipids onto the outer leaflet, 

activating the coagulation cascade on the surface of platelets24. 

2.1.3.2. Open canicular system 

The OCS consists of a series of membrane indentations and conduits continuous with the 

plasma membrane and tunneling inside the platelet with multiple functions. First, the OCS 

regulates entry and exit of components from platelets. On activated platelets, it is used as a 

conduit to diffuse the granule cargo into the extracellular environment. Degranulation can be 

achieved at the plasma membrane or OCS since the vesicular fusion machinery is present in 

both4. Second, the OCS constitutes a membrane reservoir for the increase in surface area 

required during platelet activation. Finally, the OCS can be used as a storage site for membrane 

receptors7. 

2.1.3.3. Dense tubular system 

The DTS is a closed channel membrane network formed from the residual endoplasmic 

reticulum (ER) of the MKs. It is an intracellular Ca2+ reservoir, where the cation is bound to 

calreticulin and the site of thromboxane A2 (TXA2) synthesis. Upon platelet activation, the Ga 
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subunit of the G protein-coupled receptor (GPCR) protease-activated receptor (PAR) 1 gets 

phosphorylated and activates phospholipase A2 and C7. Phospholipase C hydrolyzes 

phosphatidylinositol 4,5-bisphosphate (PIP2) producing inositol 1,4,5 triphosphate (IP3), which 

binds receptors on the DTS stimulating Ca2+ release. The increase of intracellular Ca2+ causes 

GPIIb/IIIa redistribution, cytoskeletal reorganization, kinase activation, and granule release4. 

Activation of phospholipase A2 induces synthesis of TXA2 inside the DTS, which is a strong 

platelet agonist required for activation and aggregation7. 

2.1.3.4. Cytoskeleton 

Microtubules, F-actin, and spectrin maintain the disc shape of a resting platelet, and they 

are also required to form filopodia and increase the surface area of platelets during activation. In 

resting platelets, microtubules form a single strand up to 100 µm in length that coils 8-12 times 

around the periphery of the platelet giving internal integrity to the disc shape. This is required to 

stand the high shear forces in the bloodstream7. F-actin is the most abundant protein in platelets. 

At rest, ~40% of is used to form linear filaments needed to support platelet structure; the rest is 

stored in complex with thymosin β4. Once the platelet is activated, ~80% of the F actin is used as 

filaments to drive cell spreading. Spectrin strands interconnect with actin filaments forming 

triangular structures that support the plasma membrane and the OCS4. The cytoskeleton also 

localizes the dispersed granules into a central granulomere adjacent to OCS during platelet 

activation. 

2.1.3.5. Organelles 

Platelets contain a reduced number of organelles compared to other cells. A small number 

of mitochondria to provide energy, and peroxisomes to produce catalase, which is required to 

prevent cellular damage due to the hydrogen peroxide released during metabolic processes7. 

2.1.3.6. Granules 

Platelets contain a heterogeneous array of molecules stored in vesicular compartments 

called granules. Platelets have three different types of granules: alpha, dense, and lysosomal 

granules. Each granule contains a specific set of molecules required for proper platelet function. 

During resting conditions, granules are in close proximity to the OCS to be quickly released upon 

activation7. When platelets are activated the granule contents are released through exocytosis 

into the extracellular space (degranulation)25. 
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2.1.3.6.1. Alpha granules 

Making up to 10% of the platelet volume with 40-80 granules per cell, alpha granules are 

the most abundant type of granule in platelets. They are spherical vesicles of 200-500 nm in 

diameter with a dark central core under EM7,8. Proteomic studies have found ~280 different 

molecules stored in alpha granules26 such as growth factors, chemokines, adhesive molecules, 

procoagulants, angiogenic factors, proteases, and other molecules required for clot formation and 

stabilization, and wound repair4,25. These contents are endogenously synthesized or imported 

from the extracellular space by endocytosis or pinocytosis (e.g., fibrinogen, vascular endothelial 

growth factor, immunoglobulin (Ig) G, and factor V)27. It is not clear how platelets can regulate all 

their different biological functions with molecules that have dissimilar and sometimes opposing 

functions, so it is thought that there should be different alpha granule subpopulations each with 

different cargo28. 

Platelet factor 4 (PF4) is an endogenously synthesized chemokine that recruits neutrophils, 

fibroblasts, and monocytes, and also inhibits heparin-like molecules, preventing local antithrombin 

activity and promoting coagulation29. Many types of adhesion molecules reside in alpha granules 

such as von Willebrand factor (vWF), fibrinogen, GPIIb/IIIa, and P-selectin (CD62P). vWF 

exposed from endothelial damage or from platelet reservoirs works by adhering platelets 

(endothelium/platelet or platelet/platelet) through GPIb-IX-V30. When platelets are activated, 

P-selectin translocates onto the outer surface of the platelet to recruit more platelets and 

neutrophils at the wound site26. PF4 and P-selectin can be used as markers for exocytosis of 

alpha granules25. 

2.1.3.6.2. Dense granules 

Upon activation, dense granules are the first to be released. There are 3-6 dense granules 

per platelet with a diameter of ~150 nm. They are easily identified by their heavy electron-dense 

core7. Dense granules contain a variety of hemostatically active small molecules, including 

catecholamines, histamine, serotonin, Ca2 +, ADP, and ATP26. 

ADP is a week agonist that acts in an autocrine and paracrine fashion through P2Y1 or 

P2Y12 receptors to trigger platelet shape change, degranulation and aggregation7. Serotonin is 

not produced in platelets, it is imported from the extracellular media to the cytosol and then into 

the dense granules via monoamine transporters. Serotonin can act as a vasoconstrictive factor 

by directly contracting endothelial smooth muscle, amplification of endogenous vasoconstrictors 
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(e.g., catecholamines, angiotensin II, and prostanoids), and release of norepinephrine from 

adrenergic nerves31. Ca2+ ions are important second messengers. ATP has a complex role since 

it can enhance or inhibit distinct processes in platelets. ATP can inhibit primary aggregation and 

shape change of platelets when stimulated with ADP, but not when stimulated with adrenalin, 

thrombin, and serotonin32. The ATP inhibition may be due to competition with ADP for the 

purinergic receptors, or by being hydrolyzed by phosphodiesterase to adenosine, a potent 

aggregation inhibitor. However, is has been proved that low concentrations of ATP can enhance 

collagen, TXA2, and thrombin-induced platelet activation and aggregation33. Release of serotonin 

and ATP are commonly used to monitor dense granule exocytosis25. 

2.1.3.6.3. Lysosomal granules 

Platelets contain very few lysosomal granules. This is the last type of granule to be 

released and the one that requires the strongest stimuli34. Lysosomes contain a diverse variety of 

hydrolytic enzymes (e.g., cathepsin, β-galactosidase, arylsulfatase, β-hexosaminidase, β-

glucuronidase, and acid phosphatases), their function is not clear, but they are thought to mediate 

clot remodeling4. Lysosomal granules contain a variety of transmembrane glycoproteins called 

lysosomal-associated membrane proteins (LAMP) 1, 2, and 3 (CD107a, CD107b, and CD63, 

respectively) that help to maintain granule integrity. During platelet activation, LAMP proteins on 

the granule membrane translocate to the surface of the plasma membrane where it acts as a 

ligand for selectins, and this translocation is used to measure lysosomal granule exocytosis23. 

2.1.4. Platelet adhesion 

Under physiological conditions, platelets circulate preferentially close to the vascular walls 

but do not adhere to the endothelium35. Endothelial cells constitutively express nitric oxide and 

prostacyclin, which are vasodilators and inhibit platelet adhesion and activation. Nitric oxide 

activates intracellular guanylate cyclase to produce cGMP, and prostacyclin activates an adenylyl 

cyclase to produce cAMP. Both cyclic molecules act synergistically to inhibit platelet activation. 

Another mechanism to prevent platelet adhesion is through the endothelial cell surface 

ecto-ADPase, which metabolizes the platelet agonist ADP24. These homeostatic mechanisms 

may be disrupted during inflammation. 

If the endothelial layer is wounded and the subendothelial matrix is exposed to the 

circulatory system, platelets start a cascade of events to seal and repair the wound. Platelet GP 

such as GPIb-IX-V, GPVI, GPIa/IIa or GPIIb/IIIa, can bind to vWF, collagen, laminin, 
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thrombospondin, fibronectin, fibulin, and vitronectin, all present in the subendothelial matrix. The 

first mechanism platelets employ to adhere to the subendothelial matrix under high shear stress 

is binding to vWF. This factor can be found stored in Weibel Palade bodies of endothelial cells, 

soluble in plasma, in platelet alpha granules or in the subendothelial matrix bound to microfibrillar 

type VI collagen24. Through self-association of vWF repeats, soluble vWF becomes a multimeric 

immobilized protein that appears as elongated filaments. Platelets have no measurable 

interaction with soluble vWF but adhere promptly to immobilized vWF, mainly through GPIb-IX-V 

and GPIIb/IIIa35. 

Once primary adhesion has been achieved through vWF, additional mechanisms increase 

platelet adhesion to the injured endothelium. The subendothelial matrix contains several types of 

collagen that can be recognized by GPVI and GPIa/IIa. During inflammation, endothelial cells 

expose their P-selectin stored in Weibel-Palade bodies. P-selectin promotes adhesion by binging 

to GPIb on platelets24. Endothelial cells can also express the P-selectin ligand PSGL-136, so 

activated platelets expressing P-selectin may bind to it. The binding of GPIIb/IIIa to fibrinogen 

could also promote platelet adhesion, but fibrinogen is not a normal constituent of the 

subendothelial matrix35. 

2.1.5. Platelet activation 

After adhesion to the subendothelial matrix has been established, platelets require 

autocrine and paracrine stimuli to recruit additional circulating platelets to form a hemostatic plug37. 

Once activated, platelets adopt a spherical shape with multiple filopodia and increase their 

procoagulant activity. Platelets are susceptible to many mediators (e.g., ADP, thrombin, 

epinephrine, and TXA2) that bind to the various receptors on their plasma membrane38. Most of 

these agonist work through GPCRs and the final consequence is the activation of GPIIb/IIIa, the 

main receptor in charge of aggregation through fibrinogen binding39. 

Platelets and surrounding cells have a mechanism that inhibits activation when it is not 

required. Most of these mechanisms reduce the levels of intracellular Ca2+, a secondary 

messenger important in driving GPIIb/IIIa conformational change and degranulation. Prostacyclin 

from endothelial cells binds to prostanoid receptor in platelets, activates adenylate cyclase 

increasing levels of cAMP, which promotes Ca2+ efflux reducing the intracellular Ca2+ in platelets. 

The effect on adenylate cyclase can be antagonized by extracellular ADP, but endothelial 

ecto-ADPase degrades plasma ADP. Nitric oxide also decreases intracellular Ca2+ because 

cGMP activates protein kinase G39,40. 
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The main agonists for platelet activation are TXA2, ADP, and thrombin generated by the 

coagulation cascade. Although these agonists bind to different GPCRs, all of them lead to an 

increase in the cytoplasmic Ca2+ from extracellular influx or intracellular stores, processes 

mediated by an increase in diacylglycerol (DAG) and IP3
24,39. This rise in intracellular Ca2+ is 

required for reorganization of the cytoskeleton during shape change, activation of GPIIb/IIIa, and 

degranulation41. 

When activated, platelets synthesize TXA2 to further amplify the activation signal. 

Increase of intracellular Ca2+ stimulates PLA2, which releases arachidonic acid from lipid 

membranes. This substrate is processed by cyclooxygenase 1 and thromboxane synthase into 

TXA224. TXA2 binds to the thromboxane receptors TPα and TPβ, both of them GPCRs. This 

activates their Gq, G12 or G13 complex, which then activates phospholipase C to process PIP2 

into DAG and IP3
39. 

ADP binds to the GPCRs P2Y1 and P2Y12 coupled to Gq and Gi, respectively. P2Y12 works 

by inhibiting adenylate cyclase, which prevents cAMP synthesis and decreases its concentration. 

P2Y1 increases intracellular Ca2+ concentration via39. ATP can directly induce Ca2+ influx by 

binding to the ligand-gated ion channel receptor P2X1
24. 

Thrombin is not only responsible for fibrin generation, but it is also the most potent platelet 

activator. Thrombin cleaves the N-terminus exodomain in the PAR42. These receptors contain 

members of the G12/13, Gq, and Gi protein families. G12 and G13 subunits provide 

Rho-mediated cytoskeletal response involved in platelet shape change, and Gq and Gi increase 

intracellular Ca2+ and inhibit cAMP synthesis43. 

Platelet activation stimulates rearrangement of the cytoskeletal proteins causing shape 

changes including filopodia extension, plasma membrane folding, and change to a spherical 

form37. This shape change facilitates adhesion to the zone of injury, other cells, and other 

platelets44. The rise of intracellular Ca2+ during activation causes cytoskeletal deformation by 

fragmenting the microtubule ring and actin filaments inducing a change to a spherical shape45. 

Then, new actin fiber polymerization within the cytoplasm leads to an extension of filopodia46. 

Profilin and thymosin-b4 are actin sequestering proteins that carry the actin monomers to the 

growing ends of filopodia47. The actin-myosin contractile apparatus centralizes the alpha and 

dense granules to towards the OCS where exocytosis occurs24. As it will be explained later, this 

rise of intracellular Ca2+ also stimulates platelet granule exocytosis. 
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2.1.6. Platelet aggregation 

While adhesion involves the binding of platelets to the subendothelial matrix or other cells 

in the vessel wall, aggregation entails platelet-platelet binding to already adhered platelets to 

recruit more of them to the injury site24. Aggregation involves activated membrane receptors on 

immobilized platelets binding with flowing platelets through adhesive substrates found in plasma 

or release from granules48. Positive feedback from prostaglandins, TXA2, and ADP released from 

platelets synergistically promote further aggregation38. 

The main components involved in aggregation are platelet GPIIb/IIIa and soluble 

fibrinogen. At rest, GPIIb/IIIa is present mostly in an inactive state on the membrane and inside 

alpha granules. Upon platelet activation, exocytosis of alpha granules increases the amount of 

GPIIb/IIIa at the membrane and Ca2+ makes this integrin become fully activated. This 

conformational change allows it to bind soluble fibrinogen, specifically to a peptide sequence (R-

G-D) on the N and C termini of the fibrinogen α chain. Fibrinogen molecules interconnect adjacent 

platelets by binding to GPIIb/IIIa present on their surface49. At a low concentration of agonist, the 

crosslinking between platelets is reversible, whereas at high concentrations it is irreversible50. 

vWF is required as an initial contact between platelets and fibrinogen for a permanent linkage, 

but vWF alone is not capable of achieving platelet aggregation39. 

2.1.7. Platelet functions 

Although platelets are mostly known for their role in hemostasis and thrombosis, they can 

also participate in inflammation, angiogenesis, and innate immunity against pathogens. 

2.1.7.1. Hemostasis and thrombosis 

Hemostasis is a physiological response to arrest bleeding and involves vasoconstriction, 

generation of a platelet plug and formation of a thrombus. Under physiological conditions, the 

endothelium releases vasodilators such as nitric oxide and prostacyclin, and heparin and 

dermatan sulfates to enhance the anticoagulant activities of antithrombin III and heparin cofactor 

II. Vessel wall damage induces local vasoconstriction to reduce blood flow51. Part of the response 

is neurogenic and depends on local pain receptors. The constriction of vascular smooth muscle 

is also regulated by renin, endothelin and platelet-activating factor released by the endothelium. 

Platelets recruited to the site of injury will release TXA2, ADP, and serotonin, enhancing 
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vasoconstriction. Factor VII of the coagulation factor will be activated by the exposed tissue factor 

(TF) and initiate the coagulation cascade52. 

The next step involves the adhesion and aggregation of platelets to form a platelet plug, 

also known as primary hemostasis. Platelets adhere through their integrins to highly thrombogenic 

factors in the subendothelial matrix, where they are activated, degranulate, and undergo 

aggregation until a platelet plug is formed53. 

While the platelet plug forms, the coagulation cascade is activated. The final goal of this 

enzymatic reaction is to process fibrinogen into fibrin, to form an insoluble fibrin net that surrounds 

and stabilizes the platelet plug. The product is known as a thrombus or clot, and the process as 

secondary hemostasis54. Most clotting factors are inactive proteolytic enzymes (i.e., zymogens) 

that require proteolytic activation (a) by another enzyme in the cascade. Some of these enzymes 

require vitamin K-dependent γ-carboxylation to be able to bind Ca2+ and participate in the cascade. 

As we will see, the coagulation cascade requires the formation of tenase and prothrombinase 

complexes; in turn, these require that scramblases in activated platelet move negatively charged 

phospholipids from the inner to the outer platelet membrane surface to support the formation of 

enzymatic complexes38. 

 
Figure 4. Classic concept of the coagulation cascade. Coagulation factors from independent pathways 

converge in the activation of a common pathway for thrombin activation, which is responsible to transform 

fibrinogen into fibrin. Reproduced from (Palta S, et al. Indian Journal of Anesthesia 2014;58(5):512-23). 

In the classic conceptualization of the coagulation cascade (Fig. 4) the extrinsic and 

intrinsic pathways converge at a common pathway with the activation of factor X49. In the extrinsic 

pathway subendothelial TF binds to factor VII and Ca2+, factor VII in the complex is activated by 
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other proteases, and then the active TF-VIIa-Ca2+ complex activates factor X. In the intrinsic 

pathway factor XII, HMW kininogen and prekallikrein activate factor XI. Factor XIa activates factor 

IX, and then factor IXa associates with factor VIII to activate factor X. In the common pathway 

factors Xa and Va bind to lipids and regulate the conversion of prothrombin to thrombin. Thrombin 

is responsible for cleaving fibrinogen into insoluble fibrin and activating factor XIII. Factor XIIIa 

covalently crosslinks fibrin polymers, adding strength and stability to the hemostatic plug55. This 

classic model can be used to understand in vitro coagulation but fails to incorporate the role of 

cell-based surfaces in vivo. 

 
Figure 5. Modern concept of the coagulation cascade. In this model, an initiation phase causes the 

activation of tenase and prothrombinase complexes that starts the coagulation process. Since the intensity 

of the initial signal is not strong enough to avoid being inhibited, an amplification signal is generated to 

activate more complexes to generate a sufficient thrombin concentration to stop the bleeding. Reproduced 

from (Rumbaut RE, et al. Synthesis Lectures on Integrated Systems Physiology: From Molecule to Function 

2010;2(1):1-75. 

The current coagulation cascade model defines the intrinsic pathway as a mechanism to 

amplify and propagate the extrinsic model and downgrades the importance of factors XII and XI 

in vivo (Fig. 5)24. The process starts when exposed TF binds to factor VII and Ca2+ and factor VII 

gets activated, forming a tenase complex which activates factors IX and X. The prothrombinase 

complex (factor Xa and Va) processes prothrombin into thrombin. The amount of thrombin 

generated by this mechanism alone is not sufficient and thrombus formation could be terminated 
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by inhibitors, but this generated thrombin activates more factor V, VIII and IX. The additional factor 

Va generate more prothrombinase complexes, and factor VIIIa forms a new tenase complex with 

factor IXa that generates more prothrombinase complexes56. All these complexes assemble on 

membrane surfaces and require the presence of anionic phospholipids, which are particularly 

enriched on the surface of activated platelets57. The accumulation of these enzymatic complexes 

on platelet membranes supports local thrombin generation, which in turns activates more platelets. 

In the end, thrombin converts fibrinogen to fibrin and activates fibrin stabilization factor (factor 

XIII) and fibrinolysis inhibitors, which protect the thrombus from fibrinolysis53. The hemostatic plug 

will remain until the wound has healed. 

Thrombosis uses the same mechanisms as hemostasis, bus instead of a homeostatic 

response to bleeding, thrombosis results in tissue damage because the thrombus or emboli 

released from a thrombus occludes a vessel35. Thrombosis can be caused by many factors such 

as fractures, immobilization, obesity, drug side effects, genetic predisposition, autoimmune 

disorders, and atheroma on the vascular walls. In order to prevent undesired thrombus formation 

the body has a range of clot inhibitors (e.g., anti-thrombin III, heparin, TF, plasminogen inhibitor, 

protein C, thrombomodulin, protein S, and protein Z) that act by blocking the function of individual 

elements of the coagulation cascade (prothrombin, Va, VIIIa, IXa, and Xa) or by disrupting 

enzymatic complexes (TF-VIIa, VIIIa-IXa, and Va-Xa)58-60. 

2.1.7.2. Angiogenesis and wound healing 

Injured tissues require revascularization and wound healing factors to restore tissue 

function. Platelets tend to group at sites of vascular injury and release a repertoire of alpha granule 

angiogenic factors to induce revascularization. Platelets help tissue repairing by generating a 

provisional matrix for migrating cells, delivering growth factors, chemoattractants and signaling 

factors61. 

During the initial stage of angiogenesis, platelet release vascular endothelial growth 

factors, matrix metalloproteinases, and insulin-like growth factors that cleave extracellular matrix 

and assist endothelial cell migration62. Growth factors (hepatocyte, fibroblast, connective tissue, 

and epidermal), angiopoietins, CD40 ligand, and sphingosine-1-phosphate are important 

chemokines and mitogens needed for endothelial proliferation, migration, adhesion, survival63. 

Most of the proangiogenic stimuli act upon endothelial cells, but other growth factors promote 

chemotaxis and proliferation of mesenchymal stem cells, fibroblasts, keratinocytes, smooth 

muscle cells, neutrophils and monocytes64-66. 
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When the tissue is repaired, and no further proliferation of the vessel wall is required, 

platelets contain antiangiogenic factors and effector catalysts to stop capillary formation. 

Angiostatin, thrombospondin, endostatin, and PF4 acts by displacing proangiogenic growth 

factors from the receptors on vessel wall cells or by activating signaling cascades that increases 

endothelial cell apoptosis67,68. Certain antiangiogenic compounds target specific factors such as 

tissue inhibitors of metalloproteinases which inactivates matrix metalloproteinases69. 

2.1.7.3. Inflammation 

Thrombocytosis is a well-known marker of inflammation, and it has been observed that in 

many inflammatory disorders, platelets activate and contribute to some of the manifestations of 

the diseases70. Joint fluid from arthritis patients have microparticles released from activated 

platelets that evoke cytokine responses from synovial fibroblast. Platelet depletion attenuates 

inflammation in murine models of arthritis71. In patients with inflammatory bowel disease, reactive 

thrombocytosis is a common feature during the active phase. The mucosa often contains platelet 

aggregates and several platelet-secreted proinflammatory molecules that induce or amplify an 

inflammatory process through the same pathways used by immune cells72. Mice receiving a skin 

graft have higher levels of plasma glutamate that activates platelets by stimulating TXA2 

production, which increases T-cell recruitment and allograft rejection73. 

The translocation of adhesion molecules such as P-selectin to the surface of platelets 

during alpha granule exocytosis influences leukocyte behavior by decreasing their rolling velocity 

along endothelial cells and allowing their firm adhesion to the injured zone74. Alpha granules also 

release potent proinflammatory mediators, including β-TG, RANTES, MIP-1, vascular endothelial 

growth factor, and PF4. Their effects are pleiotropic and include chemotaxis of cells of myeloid 

and lymphocytic lineage, increase in survival of certain leukocytes, and activation of inflammatory 

cells75. 

Dense granule mediators are also important during inflammation. Serotonin increases 

vascular permeability, monocyte differentiation into dendritic cells, and activation of naïve T cells26. 

Histamine regulates endothelial permeability and enhances superoxide production by 

macrophages, Glutamate induces T cell migration, and ADP augments the agonist-induced 

oxidative burst in neutrophils39,76. 
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2.1.7.4. Allergic airway inflammation 

Asthma is a chronic inflammatory disease of the airways characterized by airway 

hyperresponsiveness, bronchial reversible obstruction, airway remodeling, and leukocyte 

infiltration of the airway wall. The cross-linking of IgE molecules bound to FcεRI receptors on the 

surface of mast cells results in the release of mediators (e.g., leukotrienes, prostaglandins, and 

histamine) leading to airway smooth muscle contraction, airway wall edema, and mucus 

hypersecretion. Cytokines, chemokines and growth factors released by mast cells perpetuate the 

inflammation77. 

It has been found that platelets are involved in allergic airway inflammation, mainly through 

platelet extravasation into the lungs during allergen activation, inducing the recruitment of 

leukocytes into the airways78. A more direct role is through the release of serotonin found in dense 

granules, which causes airway smooth muscle contraction79. Platelet depletion in murine models 

reduces leukocytes infiltration into the lungs in response to nonallergic and allergic stimuli. Our 

laboratory has observed that mice with a selective defect in dense granule exocytosis subjected 

to a model of allergic asthma have a reduction in airway hyperresponsiveness and eosinophilic 

airway inflammation80, indicating that platelet exocytosis is essential for developing allergic airway 

inflammation. 

2.1.7.5. Innate immunity against pathogens 

Platelets play a role in defending the host from infections76. During the acute phase, 

platelets can limit bacterial infection by trapping them in a clot or in non-perfused tissue. They can 

also release products that can directly kill or inhibit bacterial growth26. Other inflammatory 

mediators can be released later. For example, interleukin-1β is a major enhancer of acute phase 

response, and it is present in resting platelets as pre-mRNA. Hours after stimulation, the pre-

mRNA is processed, the mRNA is translated, and the protein is activated by caspases and 

secreted81. 

Platelets can bind pathogens, for example, Borrelia burgdorferi binds to GPIIb/IIIa82. 

Platelets can endocytose bacteria and viruses at the OCS. Platelets produce thrombocidins 

(probable variants of neutrophil-activating peptide-2 and connective tissue-activating peptide-III) 

that have a direct bactericidal effect on many bacteria by disrupting their membrane83. Some 

viruses have the capacity to be incorporated into platelets (e.g., influenza, vaccinia, human 

immunodeficiency virus, and dengue), but it is unclear if viruses highjack platelets to avoid being 
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detected or if platelets transport viruses to a site for elimination84. A study has shown that platelets 

can support the killing of Schistosoma mansoni in vitro and in vivo85. 

2.2. Exocytosis 

Vesicular transport is the predominant mechanism of exchange between most membrane-

enclosed compartments. Moving of cargo that is selectively packed in a donor compartment, 

transported in vesicles, and delivered to the appropriate target compartment are key steps to 

maintain the functional organization of the cell86. Exocytosis is a form of vesicular transport where 

vesicles fuse with the plasma membrane forming a fusion pore. The vesicle content is secreted 

into the extracellular environment and the vesicle membrane components integrate into the 

plasma membrane87. 

2.2.1. Forms of exocytosis 

Exocytosis can be constitutive or regulated. In constitutive exocytosis the donor 

compartment is usually the trans-Golgi network, the fusion of vesicle and plasma membrane does 

not require stimuli, and the rate of exocytosis depends on the rate of synthesis of the cargo. All 

cells use this type of exocytosis to maintain plasma membrane elements. Regulated exocytosis 

is found only in specialized cells whose role is the secretion of specific cargo (e.g., enzymes, 

hormones, and neurotransmitters) into the extracellular space upon exposure to specific stimuli. 

This requires the cargo to be premade and stored in secretory vesicles ready to be released. Ca2+ 

is usually the second messenger linking stimulus and membrane fusion88. 
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Figure 6. Trafficking pathways in the nerve terminal. Synaptic vesicles are filled with neurotransmitters 

and storage in the cytoplasm. Vesicles are transported towards the synaptic terminal and tethered to the 

active zone release site where they dock. Docked vesicles then have to be primed to become fusion-

competent. Once the stimulus reaches the synaptic terminal there is an influx of Ca2+ and fusion of vesicle 

and plasma membrane with the opening of a fusion pore. Then the synaptic vesicles are retrieved and 

regenerated through endocytosis. Reproduced from (Jahn R, et al. Nature 2012;490(7419):201-7). 

2.2.2. Steps exocytosis 

For didactic purposes, exocytosis can be divided into discrete steps (Fig. 6). Cargo is 

synthesized in the ER and modified in the Golgi apparatus. Vesicles budding from the trans-Golgi 

are loaded with selected cargo and released into the cytosol where they are transported to the 

proximity of their target site by a microtubule-dependent mechanism. Vesicles are then tethered 

towards their target membrane. Recognition molecules embedded in the vesicle and target 

membranes will mediate the fidelity of tethering to the correct site. Then vesicles are docked in 

close proximity to the plasma membrane, allowing partial assembly of the fusion machinery. 

Regulated exocytosis requires priming of vesicles prior to vesicle fusion, a biochemical process 

that renders the vesicles competent for fusion. Finally, the vesicle membrane fuses with the 

plasma membrane opening a fusion pore that can close (kiss-and-run), leaving an intact secretory 

vesicle minus the cargo, or can collapse, integrating the vesicle membrane into the plasma 
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membrane. In regulated exocytosis, this final step requires specific stimuli and a signaling 

cascade89. 

2.2.3. Neuronal exocytosis 

The most extensively studied form of regulated exocytosis is neuronal synaptic 

transmission. Neurotransmission serves as the main form of communication between two 

neurons. When the electric stimulus reaches the terminal axon, ion channels open, intracellular 

Ca2+ increases, and synaptic vesicles loaded with neurotransmitters fuse with the presynaptic 

plasma membrane. Neurotransmitters released into the synaptic cleft activate receptors on 

dendrites (postsynaptic membrane). Most proteins involved in synaptic vesicle release have 

homologs in all forms of exocytosis in eukaryotes89. 

Synaptic vesicles are synthesized in the neuron´s soma. Vesicles are transported to the 

axon terminal by kinesins moving along the microtubules. Nerve terminals contain hundreds of 

synaptic vesicles (~40 nm in diameter) filled with neurotransmitters. Once in the nerve terminal, 

vesicles are tethered by the exocyst complex and Rab proteins to a section of the presynaptic 

membrane known as the active zone. Through their GDP-GTP switch, Rabs can interact with 

distinct Rab effectors, helping in tethering the vesicle to the membrane90-92. 

 
Figure 7. Model of a neuron active zone. Representation of the interaction between four out of six 

molecules involved in docking (Munc13, α-liprins, Rim, and Rim-BP. The active zone complex is formed by 

an interaction of the amino-terminal zinc-finger domain of RIM with the amino-terminal C2A-domain of 
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Munc13; by an interaction of a proline-rich sequence in RIM with a RIM-BP SH3-domain, and by a binding 

of α-liprins to the RIM C2B-domain. The complex is anchored on synaptic vesicles via RIM binding to Rab3 

and possibly also via RIM binding Syt, and on the plasma membrane via direct binding of RIM and of RIM-

BP to Ca2+channels. Reproduced from (Südhof TF, et al. Cold Spring Harbor perspectives in biology 

2011;3(12):a005637). 

A series of proteins: Rab3a, Munc13, α-liprins, Rab-interacting molecule (Rim), Rim-

binding proteins (Rim-BP), piccolo/bassoon, Rab6 interacting proteins, and cytoskeleton form a 

scaffold on the inner leaflet of the plasma membrane to dock the vesicle in close proximity to 

voltage-dependent Ca2+ channels (Fig. 7)93. Docked vesicles lay juxtaposed to the presynaptic 

active zone membrane and it is thought that these are the vesicles that will undergo fusion upon 

stimulation. It has been suggested that synaptotagmin (Syt) might also participate in vesicle 

docking by interacting with Rim94. Further stabilization of the vesicle at the plasma membrane is 

achieved by the formation of the SNARE complex (see below). 

 
Figure 8. Exocytosis SNARE complex cycle. Prior to membrane fusion, the SNARE complex proteins 

are localized in the membranes in an unfolded state (upper diagram). During priming, the complex partially 

zippers into a trans-SNARE complex stabilized by the SM protein (left diagram). Full zippering of the 

complex pulls membranes together, opening a fusion pore (bottom diagram). Pore expansion causes the 

collapse of the vesicle into the plasma membrane, enabling the release of contents and the formation of a 
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cis-SNARE complex (right diagram). The SNARE complex is then disassociated by the action of NSF and 

the individual components are recycled. Reproduced from (Südhof TF, et al. Cold Spring Harbor 

perspectives in biology 2011;3(12):a005637). 

The group of proteins that mediates vesicle fusion are referred to as soluble 

N-ethylmaleimide-sensitive factor attachment receptor (SNARE) proteins. In neurons, the main 

SNARE attached to the vesicle membrane is vesicle-associated membrane protein (VAMP) 2, 

and those attached to the plasma membrane are syntaxin (Stx) 1 and synaptosomal-associated 

protein (SNAP) of 25 kDa. All these proteins possess a SNARE domain (SNAP25 has two). When 

these SNARE domains associate, each adopts a heavily conserved coiled structure, and then the 

four coils associate in parallel to form a coiled-coil structure known as a SNARE core complex. 

Figure 8 shows the SNARE complex cycle needed for membrane fusion. At the start, Stx1 adopts 

a “closed” conformation that prevents its SNARE domain to interact with those of VAMP2 and 

SNAP25. Interactions between Munc13-1 and Munc18-1 “open” Stx1 and favor the formation of 

the SNARE complex. It is thought that this last step in the biochemical marker of priming95. 

The zippering of the coiled-coil from SNARES in opposing membranes (trans-SNARE) is 

thought to provide part of the energy for membrane fusion, which opens a pore communicating 

the vesicle lumen to the extracellular space96,97. The synchronization of vesicle fusion and the 

action potential is crucial to assure fidelity between signal and response. Depolarization at the 

presynaptic membrane causes an influx of Ca2+ through voltage-sensitive channels, which 

triggers exocytosis almost instantaneously89. In the current model, most docked vesicles have 

partially zippered SNARE complexes, with the coiling unable to continue due to an energy barrier 

by interfering proteins until Ca2+ releases this block98. Syt and complexin (Cplx) participate in this 

step. 

After both membranes fuse, all SNARE proteins are located on the same membrane 

(cis-SNARE), and this complex needs to be disassembled by N-ethylmaleimide-sensitive factor 

(NSF) and soluble NSF attachment protein alpha (αSNAP) so the individual components can be 

recycled and used again93. 

2.3. Membrane fusion machinery 

The membrane fusion process and its components are highly conserved among all 

eukaryotes, and the machinery driving it has many regulators that accelerate its function or 

prevent unwanted fusion events. 
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2.3.1. SNARE proteins 

SNARE proteins mediate almost all forms of vesicular transport across all eukaryotes.34. 

They are classified as v- or t-SNARES depending on their association with the vesicle or target 

membrane, respectively89. 

 
Figure 9. Exocytosis protein machinery. Representation of the main molecular elements that drive 

vesicle fusion in neurotransmitter release. Reproduced from (Wikipedia. SNARE (protein) (2018). Retrieved 

from https://en.wikipedia.org/wiki/SNARE_(protein)). 

Most SNARE proteins remain unfolded until they are assembled into a stable quadruple 

helix bundle (core complex; Fig. 9)99,100. Some SNARE proteins are cytoplasmic, while others 

associate with membranes via a C-terminus transmembrane domain or prenylation sites. A 

SNARE domain is shared by all SNARE proteins, it contains a 60-70 aa eight-heptad repeat 

arranged into an alpha helix93,101. The core complex is assembled through the association in 

parallel of four of these helixes34 into a 12 nm-long twisted bundle102 that will progress zippering 

from the N-terminus towards the C-terminus, bringing both membranes into contact98. The 

interaction between the four helices is primarily hydrophobic. It contains 15 hydrophobic layers 

and one central ionic-interaction layer composed of one arginine (R) and three glutamines (Q) 

side chains. So SNAREs can be classified as R-SNARE (i.e., VAMP2), Qa-SNARE (i.e., Stx1), 

and Qbc-SNARE (i.e., SNAP25)103. 
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The core complex is highly energetically favorable and very stable89. To disassemble the 

complex, the adapter protein αSNAP needs to recruit the hexameric ATPase NSF forming a 20S 

complex needed for cis-SNARE disassembly88. 

 
Figure 10. Structure of SNARE proteins. (A) Schematic diagram of the domain structure of Stx1 (Habc 

domain orange and H3 domain yellow), SNAP25 (green), and VAMP2 (red). (B) Three-dimensional 

structure of the four-helix bundle core complex formed by the alpha helixes of the SNARE proteins. Adapted 

from (Südhof TF, et al. Cold Spring Harbor perspectives in biology 2011;3(12):a005637) (Rizo J, et al. 

Annual review of biopgysics 2015;44:339-67). 

2.3.1.1. VAMP 

VAMPs are found embedded on vesicles. As depicted in Figure 10, most VAMPs are 

brevins (Latin for short) and have conserved coiled SNARE motif near the N-terminus 

encompassing most of the protein and a C-terminus transmembrane region89. Few VAMPs are 

longins (long VAMPs) and contain a conserved longin domain (120 aa) at the N-terminus. Longins 

are the only R-SNARE conserved in all eukaryotes104. Table 2 contains information on some of 

the best-studied VAMPs. 
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Table 2. VAMP gene family. Functional information about the mammalian VAMPS. 

VAMP Information 

VAMP1 and VAMP2 Both also known as synaptobrevins. Expressed in eukaryotic neurons, 

neuromuscular junctions, and sensory cells. Constituents of synaptic 

vesicles and participate in neurotransmission release. 

VAMP3 Cellubrevin. Ubiquitously expressed. Participates in constitutive and 

regulated exocytosis. 

VAMP4 Involved in vesicle transport from the Golgi to the endosome. 

VAMP5 

 

Involved in cell constitutive exocytosis. Found on secretory vesicles, 

myotubes, and tubulovesicular structures. 

VAMP7 Longins. Involved in cell constitutive exocytosis. Associated to 

secretory granules and late endosomes. 

VAMP8  Endobrevin. Participates in endocytosis or exocytosis depending on 

the cell studied. 

2.3.1.2. SNAP 

SNAPs are anchored to the cytosolic face of the target membrane. The isoforms diverge 

in molecular weight (represented by the number in the name of the isoform). As depicted in Figure 

10, SNAP25 contributes two SNARE domains to the SNARE complex,98,105; these are separated 

by a central cysteine-rich region that gets palmitoylated and anchors it to the target 

membrane101,106. Table 3 contains information on some of the best-studied SNAP25 isoforms. 

Table 3. SNAP gene family. Functional information about the mammalian SNAPs.  

SNAP Information 

SNAP23 Ubiquitously expressed. Mediates most forms of exocytosis. 

SNAP25 Expressed in neuronal tissues. Regulates docking and fusion of synaptic vesicles. 

SNAP29 Mediates fusion between autophagosomes and lysosomes. Role in ciliogenesis. 

SNAP47 Intracellular membrane fusion. 
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SNAP91 Component of the adaptor complexes to link clathrin to receptors in coated 

vesicles. 

2.3.1.3. Syntaxin 

Stxs are transmembrane proteins of ~33 kDa integral to the target membrane. The Stx 

family in humans consists of 15 genes with some of them having alternatively spliced isoforms1. 

As depicted in Figure 10, Stx possesses an N-peptide region, a regulatory three-helix bundle 

(Habc domain), one conserved coiled SNARE motif (also known as H3 domain), and a C-terminus 

transmembrane region. Like VAMPs, most of the sequence is cytoplasmic oriented.102. The Habc 

domain is an autonomously anti-parallel three alpha-helix twist bundle103 that serves as an auto-

inhibitory regulatory domain by binding and blocking access to the H3 domain (closed 

configuration)105. Stx can switch to an open configuration where H3 is not associated with Habc 

and is able to associate with the SNARE domains of VAMP and SNAP2598. Table 4 contains 

information on some of the best studied Stx102. 

Table 4. Syntaxin gene family. Functional information about the mammalian Stxs. 

Stx Information 

Stx1A and 1B Neuronal regulated exocytosis. 

Stx2, Stx3, Stx4, and Stx11 Ubiquitously expressed. Exocytosis. 

Stx7, Stx8, Stx11, and Stx12/13 Late endosome fusion. 

Stx5, Stx17, and Stx18  ER to cis-Golgi transport. 

Stx6, Stx10, and Stx16 Endosome to trans-Golgi transport. 

2.3.2. SNARE complex regulatory proteins 

The correct formation and function of the SNARE complex at the correct time and location 

require post-translational modification, regulators, and chaperones. Some of the most important 

regulators are described in this section. 
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Figure 11. Structure of SNARE regulatory proteins. Schematic diagram of the domain structure and 

three-dimensional structure of the SNARE regulatory proteins Munc18 (purple), Munc13 (brown), Syt (blue 

and light blue), and Cplx (pink/turquoise). Adapted from (Rizo J, et al. Annual review of biopgysics 

2015;44:339-67) (Zdanowicz R, et al. Biophysical Journal 2017;113(6):1235-1250). 

2.3.2.1. Munc18 

The SM (Sec1/Munc18) family of proteins are required for SNARE-mediated fusion (Table 

5)107. Deletion of these proteins leads to a block in membrane fusion103. The first SM protein was 

found in a genetic screen for uncoordinated phenotypes in C. elegans, naming the responsible 

gene UNC-18. A homolog of this protein was found in a screening of S. cerevisiae with defective 

secretion, Sec1. In mammals, the mammalian homolog of UNC-18 (Munc18 or nSec1) was 

isolated by its ability to bind to Stx1108. The SM proteins act as chaperones of Stx and regulate 

the formation of the SNARE complex.89. 

Table 5. SM gene family. Functional information about the mammalian SM proteins. 

SM proteins Information 

Mun18-1 Syntaxin binding protein 1. Regulation of synaptic vesicle docking and fusion. 



Chapter 2. Background  30 

 

 

Mun18-2 Syntaxin binding protein 2. Apical trafficking in epithelial cells. Regulates 

immune cells and platelet exocytosis.  

Mun18-3 Syntaxin binding protein 3. GLUT4 vesicle fusion with the membrane. 

Vps45 Vesicle targeting and/or fusion in the vacuolar protein sorting pathway. 

Sly1 Accelerates assembly of the ER-Golgi SNARE complex. 

Vps33a Tethering protein and a core subunit of the homotypic fusion and protein 

sorting (HOPS) complex. 

Vps33b Segregation of intracellular molecules into distinct organelles. 

 

Crystal structure studies show that Munc18 is composed of three domains (Fig. 11), which 

enables the protein to bind in three different conformations (Fig. 12). The protein is attached to 

Stx through a specialized sequence at the N-terminus of Habc domain. In the closed conformation, 

Munc18 forms an arch with a central cavity (between domains 1 and 3a) that accommodates and 

binds the four-helix bundle composed of the Stx Habc and part of the H3 domain. In the open 

conformation, the Habc domain along Munc18 is separated from the H3 domain, enabling the 

t-SNAREs to interact with a cognate VAMP and form a trans-SNARE complex. The last 

conformation Munc18 folds back on the SNARE complex, clasping the four-helix bundle 

promoting complex stabilization and fusion99. 

 
Figure 12. Munc18 arrangement conformations during vesicle fusion. (A) Closed conformation, 

Munc18 inhibits Stx incorporation into the complex by locking the protein in a self-composed four-helix 

bundle. (B) Open conformation, Munc18 releases Stx from the closed conformation, allowing the formation 
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of the trans-SNARE complex. (C) Munc18 clasping, Munc18 attaches the SNARE complex to stabilize it 

and enhance membrane fusion. Reproduced from (Südhof TC, et al. Science 2009;323(5913):474-7). 

Prevention of SNARE complex formation comes from Munc18 binding tightly with Stx 

forming a closed heterodimeric complex. The incorporation of Munc18 prevents Stx from 

interacting with VAMP2 and SNAP25 by blocking the SNARE motif, thus preventing membrane 

fusion109. This closed state found only in exocytic Stxs, is required to prevent premature or 

unproductive SNARE complex formation. Studies indicate that Munc18-1 and closed Stx1 travel 

together to the plasma membrane after synthesis, preventing Stx1 from being trapped in the Golgi 

complex110. 

The intracellular rise of Ca2+ causes that Munc13 and Rab effector act upon the 

Stx-Munc18 complex, causing a conformational change that releases the four-helix bundle from 

the Munc18 cavity and unfolds the Habc from the H3 domain, allowing the subsequent nucleation 

of the SNARE core complex89. 

In the absence of regulating components, SNARE complex formation can assume 

improper alternative configurations between the domains (e.g., antiparallel configurations). These 

configurations inhibit exocytosis due to improper complex zippering or kinetically trapped dead-

end states. Munc18 guides the proper SNARE complex assembly98. Fluorescence resonance 

energy transfer (FRET) labeled probes were used to test Stx1A-VAMP2 and Stx1A-SNAP25 

subconfiguration in ternary complex assembly. Results showed that Munc18 along with Munc13, 

cooperate to properly assemble SNARE complex by promoting the proper orientation of the 

helices95,111. 

Besides their role in SNARE complex assembly, Munc18 and Munc13 help to prevent 

complex disassembly by NSF and αSNAP. Only properly formed SNARE complexes can bind 

Munc18 and Munc13, thus those are the only one protected. This leaves all improper or non-

productive configurations as targets for disassembly by the NSF-αSNAP complex103,112. 

Through in vitro lipid mixing assays, it has been established that Munc18 strongly 

accelerates the kinetics of SNARE-dependent membrane fusion. Using FRET in vesicle systems 

with separate or preassembled SNARE systems showed that Munc18 acting on the partially 

assembled SNARE complex can increase the rounds of lipid fusion ~20-fold113,114. 
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2.3.2.2. Munc13 

All Munc13 proteins contain a MUN domain responsible for most of its functions. Most 

Munc13 proteins also have a C1 (phorbol ester-binding) and two C2 (Ca2+-binding) domains 

flanking the MUN domain (Fig. 11)115. 

In tethering and docking, the tetrapartite complex (Munc13, Rab3, Rab27, and Rab3 

interacting molecules) acts as a binding platform for the vesicles at the active zone. Munc13 MUN 

domain binds to the vesicles while C1 and C2 domains bind to membranes89. 

For priming, Munc13 is a catalyst that accelerates the transition from the Stx-Munc18 

complex to the SNARE complex109. This activity depends on weak interactions of the MUN domain 

with the Stx SNARE motif, and probably with Munc18. These weak interactions might be sufficient 

to lower the energy barrier transition, unlocking Stx from Munc18 in response to Ca2+116. Stx then 

can adopt an open conformation and participate in the formation of SNARE complexes98. 

Even more, Munc13 has the capacity to guide SNARE complex formation in the right 

direction. In the absence of Munc13, Stx1a/SNAP25 complex and VAMP2 can achieve two 

subconfigurations corresponding to the ternary SNARE complex with a proper parallel (functional) 

or antiparallel (non-functional) arrangement. Munc13 presence helps to promote the proper 

parallel subconfiguration, thus giving the complex the right orientation117. 

2.3.2.3. Complexin 

Cplx is a small cytoplasmic effector protein that can bind to the SNARE complex and 

modulate exocytosis. The protein has a dual facilitatory and inhibitory role in neurons since this 

molecule can inhibit spontaneous release and enhance synchronized/evoked exocytosis upon 

Ca2+ stimulus101, thus it seems to act after priming. As illustrated in Figure 11, Cplx structure 

consists of an N- and C-terminal domains flanking an accessory and central helix. 

Cplx inhibits spontaneous release by preventing the full zippering of the SNARE complex. 

Central helix binds as a fifth helix in an antiparallel fashion between Stx and VAMP in the SNARE 

core complex. The accessory helix prevents the full incorporation of VAMP into the coiled-coil 

complex, and the N-terminus prevents the association of the juxta-membrane sequences of Stx 

and VAMP118-120. 

The facilitatory function comes from Cplx binding and stabilizing the partially zippered 

SNARE complex and sensitizing the complex to the action of a Ca2+-sensitive molecule such as 

Syt (Cplx does not bind Ca2+)98. The tripartite interface (SNARE-Cplx-Syt) activates and keeps 
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the SNARE complex locked. Once Ca2+ binds to the C2 domains of Syt, a conformational change 

in Cplx releases the SNARE complex enabling full zippering121,122. 

2.3.2.4. Synaptotagmin 

Many of the steps involved in synaptic fusion are Ca2+-dependent, and many exocytic 

processes use Syts as a Ca2+ sensor122. In mammals, there are 17 Syt isoforms, some with high 

affinity for Ca2+ (3, 5, 6, 7, 9 and 10) and others with a low affinity for Ca2+ (1, 2 and 9), and they 

usually facilitate membrane fusion. There are some Syts (4, 11, 13, 14, and 16) with almost 

undetectable or no Ca2+ binding, and they usually repress SNARE-mediated fusion123,124. As 

observed in Figure 11, Syt contains an N-terminus transmembrane domain (in Syt1, 2 and 9, this 

is anchored to the vesicle membrane) and two Ca2+ binding C2 domains (A and B). 

Upon Ca2+ binding, the surface of each C2 domain loops on each other partially inserting 

themselves into the plasma or vesicle membrane, a process that is essential for triggering 

synaptic vesicle fusion. While Ca2+ binding to the C2A domain assists triggering exocytosis, Ca2+ 

binding to the C2B domain is indispensable for regulated exocytosis125. The current model 

stipulates that activated Syt will reconfigure Cplx on the SNARE complex, allowing the quadruple 

coil to complete its zippering89 and destabilizing the lipid bilayer at the fusion site. This provides 

the final mechanical force required to overcome the energy barrier of lipid mixing and accelerates 

fusion reactions so that they occur on rapid timescales precisely synchronized with increases in 

Ca2+126. 

Through its C2B domain, Syt can either bind to the SNARE complex forming a primary 

interface, or to the Cplx-SNARE complex in a tripartite interface121. The primary interface is 

exclusively found on low Ca2+ affinity/fast release isoforms (1, 2, and 9), while the tripartite 

interface is conserved among all Syt isoforms127. Disruption of one or both interfaces suppresses 

evoked release from neurons, pointing to their importance for regulated exocytosis. 

Some cells use multiple Syts. Some neurons express the low Ca2+ affinity/fast release 

Syts 1 and 2, required for fast synchronous evoked release, and the high Ca2+ affinity/slow release 

isoform Syt7, required asynchronous release. Elimination of Syt1 and Syt2 lead to an increase in 

spontaneous release, meaning that it prevents synaptic release in the absence of Ca2+128. 

2.3.2.5. Tomosyn 

Syntaxin binding protein 5, also known as tomosyn 1 (tomo = friend in Japanese, of 

syntaxin), is another t-SNARE regulator. Structurally, tomosyn contains WD-40 repeats thought 
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to interact with the cytoskeleton and a VAMP-like domain that interacts with t-SNARE as a 

regulatory placeholder34. Although tomosyn lacks a membrane anchor, it negatively regulates 

synaptic exocytosis129 by competing with VAMP2 to bind Stx1 and SNAP25. Stx1 requires αSNAP 

and NSF to escape tomosyn and bind to Mun18-1, so it can eventually be incorporated into a 

productive SNARE complex109. 

2.3.3. Platelet exocytosis 

Platelet exocytosis share steps and mechanisms with other forms of regulated exocytosis, 

but with different protein family members (Fig. 13). 

 
Figure 13. Pathway of SNARE-mediated platelet granule release. Platelet exocytosis is a pathway of 

protein-protein interactions leading from granule docking (1), priming (2), membrane fusion (3), and cargo 

release (4). The interactions and their proposed order of occurrence are depicted in the schematic. 

Reproduced from (Joshi S, et al. Platelets 2017;28(2):129-137). 

During MKs maturation, multivesicular bodies are transformed into dense and alpha 

granules. MKs pack the granules with endogenous synthesized molecules and exogenous 

molecules up taken by endocytosis or transmembrane transport. During platelet formation, kinesin 

motor proteins move granules to the pseudopod end. At the last step of platelet formation, 

platelets already have their final number of granules. In resting conditions, platelet granules locate 

close to OCS for rapid release when activated7,8. 
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The GTPase that directs platelet granule tethering and docking to the plasma membrane 

is Rab27. A study using Rab27a, Rab27b, and Rab27a/b KO mice showed that only Rab27b 

deletion caused bleeding diathesis. Further studies showed that Rab27b deletion is important for 

dense granule release and biogenesis130. Rab effectors interact with Rab27 and coordinate 

membrane fusion. 

Platelets contain the exocyst, which is an octameric protein complex involved in spatially 

targeting the plasma membrane during tethering. Membrane localization and vesicle proximity is 

driven by subunits on the vesicle (e.g., EXOC1 and EXOC7) that bind subunits on the plasma 

membrane (e.g., EXOC6) to assemble the complex. The exocyst also interacts with the 

cytoskeleton through Ral and Rho GTPases92,131. 

Mun13 is a known Rab effector helps to tether the granule with to the plasma membrane 

and mediates priming. Platelets from Munc13-4 KO mice showed a severe defect in dense 

granule secretion, indirectly affecting alpha and lysosomal release too. These mice showed 

attenuated aggregation and in vitro thrombus formation, prolonged venous and arterial bleeding 

times, and defective arterial thrombus formation in vivo2,132. 

Platelets express the three Munc18 isoforms, and Munc18-2 is the most abundant. 

Studies proposed Munc18-3 as a candidate to regulate exocytosis, but the Munc18-3 

heterozygote KO had no phenotype133. Platelets from patients deficient in Munc18-2 had severe 

defects in secretion of all types of granules134. We have seen that mice platelets depleted from 

Mun18-2 have severe problems in secreting any of the three types of granules. In vitro, platelets 

capacity to aggregate and adhere under shear stress are affected. In vivo, mice have a decrease 

in thrombus formation and an increase in bleeding times, therefore affecting platelet hemostatic 

functions. (Cardenas EI, personal communication). 

Despite granule secretion is regulated by Ca2+ influx, so far no synaptotagmin or any other 

known Ca2+ sensor has been found in platelets. Platelets do contain Rab effectors called 

synaptotagmin-like proteins that have stimulatory and inhibitory roles. Isoform 1 shows a negative 

effect by preventing dense granule release135, while isoform 4 enhances dense granule release 

and interacts with the Munc18/Stx complex136. These molecules have C2 domains (Ca2+ sensors), 

but mechanistic data showing their implication in Ca2+-regulated responses is still missing. 

Interestingly platelets express tomosyn 1 and have a different effect on what has been 

observed in other cells. In neurons and endothelial cells, tomosyn has been implicated in 

negatively regulating exocytosis. In platelets lacking tomosyn 1, secretion is significantly 

diminished and the animals show a robust bleeding diathesis137. 
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While platelets express many VAMP isoforms (2, 3, 4, 5, 7, and 8), platelet conditional KO 

mice showed that VAMP7 and 8 are the main v-SNARES involved in platelet exocytosis138,139. 

Deletion of VAMP2 or 3 showed no phenotype, but treatment of VAMP8 KO platelets with tetanus 

toxin (cleaves VAMP 2 and 3, but not 7) decreased platelet granules secretion140, indicating that 

they partially contribute to exocytosis, at least in mice. 

In platelets, SNAP23 is thought to be the relevant SNARE since SNAP25 is less abundant 

and SNAP29 KO model shows no secretion defect. Studies with anti-SNAP23 antibodies in 

permeabilized platelets showed that SNAP23 suggest a major role in exocytosis141, but the 

technology is very unreliable. We have seen that platelets from SNAP23 conditional KO mice are 

thrombocytopenic and have degranulation deficiencies. (Cardenas RA, personal communication). 

Platelets express Stx2, 4, 6, 7, 8, 11 12, 16, 17, and 18. Previous studies with 

permeabilized platelets incubated with anti-Stx antibodies suggested that the Stxs involved in 

exocytosis were 2 and 4. Antibodies against Stx7 had no effect142-144. Later studies using blood 

from patients with Familial Hemophagocytic Lymphohistiocytosis type 4 (FHL4) which lacks Stx11 

and platelets from Stx 2 and 4 KO mice, revealed that the previous results were wrong and that 

in fact Stx11 was responsible for platelet degranulation25. Co-immunoprecipitation supports the 

role of Stx11 in platelet exocytosis since it forms complexes with VAMP8 and SNAP2334 

When Ca2+ stimulates platelets, the SNARE complex fully zippers causing membrane 

fusion. Platelet exocytosis is thought to be a one-shot event since upon activation all granule 

content is released into the extracellular space, therefore is strange that platelets contain NSF 

and SNAPs needed for SNARE complex recycling. Studies suggest that platelets use these 

components in another vesicular traffic process (e.g., endocytosis and autophagy)145. 

2.4. Syntaxin 11 

Stx11 was first identified by homozygosity mapping in consanguineous Kurdish kindred 

with FHL. This Stx has been implicated in vesicular traffic, specifically in exocytosis. 

2.4.1. Genetic elements 

In humans, the STX11 gene is in loci 6q24.2. The gene is 37.8 kb in a forward orientation, 

consists of 2 exons, the entire coding region is in exon 2 and the transcript is 1,926 bp. In mice, 

the Stx11 gene is in loci 10 A2. The gene is 26.05 kb in a reverse orientation, it has 3 exons, all 

of the coding sequence is in exon 3, and the transcript is 4,173 bp. There are no known splice 

variants in human or mice. The genetic and genomic regulatory elements are not known yet. 
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2.4.2. Expression pattern 

As a rule (with many exceptions), Stx11 is expressed mainly in cells of hematopoietic 

origin, including immune cells, and organs containing epithelial cells (Fig. 14). Neuronal tissue 

and most mesenquimal organs lack Stx11146,147. 

  

 
Figure 14. Syntaxin 11 estimated protein expression in cells. Protein expression in normal tissues and 

cell lines from ProteomicsDB, MaxQB, and MOPED for STX11 Gene. The colors represent the tissue from 

where the cells were extracted blood and immune system (red), nervous (green), musculoskeletal (yellow), 

internal (blue), secretory (violet), and reproductive (light blue). Reproduced from (Gene cards. STX11 Gene 

(2018). Retrieved from https://www.genecards.org/cgi-bin/carddisp.pl?gene=STX11). 

There is no current data that identifies the development stage of its expression. Based on 

Stx4 data (other exocytic Stx), we could assume that it is expressed after the embryonic 

developmental stage. Global Stx4 KO results in early embryonic lethality due to function loss of 

intravesicular fusion148. Since Stx11 global KO mice survive embryogenesis, we can assume it is 

expressed after the early stages of embryogenesis. 
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2.4.3. Protein elements  

In both humans and mice, Stx11 has 287 aa (33.2 KDa) and the sequence is highly 

conserved. As other member of the Stx family, Stx11 contains an N-terminus domain, Habc 

domain, SNARE (or H3) domain and a linker, but it is the only Stx that lacks a transmembrane 

domain146. Instead, Stx11 attaches to membranes by S-palmitoylation, a post-translational 

modification that involves the binding of a palmitate with the thiol group in a cysteine through a 

thioester bond147. Cysteines located at positions 275, 279, 280, 282, 283, and 285 in the 

C-terminus are sensitive to palmitoylation (Fig. 15)149. 

 

 
Figure 15. Mass spectrometry detection of acylation sites in Syntaxin 11. Liquid chromatography with 

tandem mass spectrometry was used to detect the palmitoylation sites of the Stx11 protein. Cysteines (C) 

in red represent the residues capable of being acylated. Reproduced from (Zhang J, et al. The Journal of 

biochemical Chemistry 2018;293(10):3593-3606). 

2.4.4. Cellular Localization 

Immunofluorescence and EM studies have located the protein near the cell periphery, 

mostly located at the trans-Golgi network, recycling endosomes, late endosomes, and plasma 

membrane150. Particularly in platelets, fraction phase centrifugation studies locate Stx11 in the 

membrane-enriched phase along with other plasma membrane proteins149. 

2.4.5. Functions 

Stx11 is required for the exocytosis of secretory granules in natural killer cells, cytotoxic 

lymphocytes, neutrophils, and platelets. Immune cells kill their target cells through polarized 

fusion of their lytic granules at the immunological synapse151. Proteolytic and hydrolytic enzymes 

are released to degrade the membrane or form pores to activate apoptosis, killing the target. As 

described before exocytosis of platelet granules is fundamental in hemostasis. In macrophages, 

Stx11 is implicated in late endosome homotypic fusion, late endosome to lysosome heterotypic 

fusion, and acts as a negative regulator of phagocytosis146,152. 
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Patients carrying deletions or mutations in Stx11 have been associated with a disease 

called FHL type 4, an immunodeficiency characterized by impaired lytic granule exocytosis147. 

The first’s cases of FHL were reported by Scottish pediatrician Dr. James Farquhar, who noted 

familiar recurrence of fever, pancytopenia, hepatosplenomegaly, and death despite treatment 

with antibiotics and steroids. FHL is an autosomal recessive disease characterized by severe 

inflammation due to uncontrolled proliferation, activation of the immune system, and hyperactive 

phagocytosis. The uncontrolled activation is trigger by incomplete eradication of infectious 

organisms, due to problems in lysosomal vesicles secretion153. Five subtype classifications have 

been made depending on the protein defect that causes the disease: FHL1 (HPLH1), FHL2 

(perforin), FHL3 (Munc13-4), FHL4 (Stx11), and FHL5 (Munc18-2)154. 

Stx11 was first implied in FHL4 in 2005 in a genome-wide homozygosity mapping from 

children affected by FHL. The problem was in a 10 centimorgan region at the loci 6q24153. Stx11 

deletion causes impaired degranulation in response to activating signals in natural killer, cytotoxic 

lymphocytes, and neutrophils. Loss of Stx11 in macrophages increases phagocytic function and 

the accumulation of enlarged late endocytic compartments due to reducing transport to the cell 

surface and enhancing trafficking to the lysosome150. Mast cell activation or antigen presentation 

by dendritic cells is not affected by depletion of Stx11155. Unexpectedly, FHL4 stimulation with 

interleukin-2 partially restores degranulation, which may explain why disease progression is less 

severe in FHL4 than in FHL2 and FHL3 patients156. 

Platelets from patients with FHL4 have a severe defect in agonist-induced degranulation. 

In response to thrombin, collagen, and calcimycin, platelets show defective secretion of ADP, 

ATP, serotonin, PF4, and β-hexosaminidase. Aggregation was also defective upon agonist 

stimulation. Measurement of cargo concentration showed no difference in comparison with the 

control. Ultrastructure analysis showed no change in morphology. Platelet activation was not 

impaired in the absence of Stx11 and granules do migrate to the center of the platelets but could 

not be released25. Because these were human patients, only in vitro assays were performed. 
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Figure 16. FHL4 characterized mutations. Schematic of the predicted protein domain structure of Stx11 

and FHL4 mutant proteins. Regions of the FHL4 mutant proteins encoded as a consequence of frameshift 

mutations are shown with hatch shading. Reproduced from (Hellewell AL, et al. PloS One 

2014;9(6):e98900). 

Biochemical studies have been performed with the most common mutations found in FHL4 

(Fig. 16). Association with SNAP23 was preserved only in Q268X, since this is the only mutation 

that spares the SNARE domain. All variants were capable of associating with Munc18-2 since the 

N-peptide remained unaffected, but among all the proteins tested, only normal Stx11 promoted 

Munc18-2 recruitment to the activating immunological synapse. Protein localization by 

supernatant fractioning showed that except for the control all variants were located in the cytosolic 

fraction, meaning that the C-terminus cysteines are essential for membrane association. It is 

hypothesized that both Stx11 N and C terminus are needed for Munc18-2 recruitment to the 

plasma membrane147. The evidence suggests that the loss of the Stx11 C-terminus region causes 

degranulation impairment. 

2.5. Hypothesis  

I postulate that Stx11 is an essential component of the platelet exocytic machinery. My 

hypothesis is that deletion of Stx11 in platelets will severely affect exocytosis of at least one type 

of granule from platelets. 

With state of the art techniques, we will quantitatively characterize the contribution of 

Stx11 in the degranulation of each type of platelet granule (dense, alpha, and lysosomal), by 



Chapter 2. Background  41 

 

 

generating a platelet- specific KO mouse to assess platelet response in the absence of the protein. 

More specifically we will: 

• Confirm that the deletion of Stx11 is specific for platelets though exhaustive expression 

assays. 

• Determine the effects of Stx11 deficiency on exocytosis of each population of platelet 

granules (alpha, dense and lysosomal) using flow cytometry, enzyme-linked immunosorbent 

assay. 

• Test if the lack of Stx11 alters the ultrastructure of platelets and what is the morphologic 

correlate of defective platelet exocytosis using EM and stereology. 

• Evaluate in vitro platelet capacity to be activated, aggregate and adhere, using flow cytometry, 

aggregometry, and a flow chamber with variable sheer-stress. 

• Determine in vivo the consequences on of the in vitro observed defects; by applying models 

of hemostasis (arterial and venous tail bleeding times) and thrombosis (FeCl3-induced carotid 

artery thrombosis). 

 

  



  

 

 

Chapter 3 

3. Methodology 

3.1. Syntaxin 11 platelet conditional knockout mice model 

Platelets from patients with FHL4, who are deficient in Stx11, showed a significant in vitro 

decrease in release of all types of granules25. To test the importance of platelet Stx11 in vivo and 

confirm that Stx11 is the Qa SNARE in platelet exocytosis, we decided to generate a platelet-

specific Stx11 conditional KO mouse. 

A conditional KO model allows to study the function of a gene product in a specific tissue, 

or at certain temporal stage. Most conditionals KO mice use a DNA recombinase technique, and 

the most popular one is the Cre/loxP system. The system consists of a single enzyme P1 

bacteriophage Cre recombinase enzyme to generate a genetic recombination between two short 

target sequences called loxP sites157. The loxP consists of 34 bp sequence, formed by a middle 

8 bp asymmetric zone called spacer region flanked by two 13 bp palindromic regions called 

recognition region158. The spacer region gives the loxP sequence a direction. When two loxP sites 

face the same direction, the sequence in between (“floxed” region) is excised as a circular DNA 

segment by the enzyme159 and the reaction leaves a residual single loxP site in the genomic DNA 

(Fig. 17). When the loxP sites are in opposite directions, recombination inverts floxed sequence. 

Similarly, the Flp/FRT system involves the recombinase flippase (Flp) derived from S. cerevisiae, 

which cleaves the DNA between two flippase recognition target (FRT) sequences containing a 

similar structured 34 bp recognition sequence. Depending on the orientation and location of the 

FRT, the enzyme can initiate deletion, inversion, and translocation of the genetic material160. 
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Figure 17. Operational principles of the Cre/loxP system. (A) LoxP 34 bp sequence. (B) Cre mediated 

recombination results in excision of floxed DNA sequence from the target segment and production of a 

circular excised DNA fragment. (C) Mice breeding protocol to generate progeny with excised floxed DNA. 

One parent contains the floxed allele and the other parent carries the Cre gene driven by a ubiquitous or 

cell-specific promoter. Reproduced from (McLellan MA, et al. Current Protocols in Mouse Biology 

2017;7(1):1-12). 

Our Stx11 conditional knockout (cKO) is based on a KO-first design, which uses gene 

targeting through homologous recombination in embryonic stem cells (ESC) and gene trapping 

to initially generate a Stx11 null allele161. 

In gene trapping, a gene-trap cassette is inserted into an intron of the gene of interest. 

The cassette is made of a promotorless reporter construct that contains an upstream splice 

acceptor site and a downstream transcriptional termination sequence (stop codon and 

polyadenylation site). The trap cassette is transcribed with the target gene and gets incorporated 

into the endogenous gene transcript during splicing thanks to the splice acceptor, creating a fusion 

transcript that incorporates part of the endogenous gene and the reporter. This transcript is 

terminated at the cassette polyadenylation site162. This strategy effectively terminates expression 

of the endogenous protein while allows translation of the reporter cDNA in cells that normally 

express the targeted gene163 (Fig. 18). 
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Figure 18. Targeting vector intermediate vector assembly. (A) Schematic showing the structure of the 

Gateway-adapted intermediate plasmid. (B) Assembly of final targeting vectors in a multi-Gateway reaction. 

Reproduced from (Skarnes WC, et al. Nature 2011;474(7351):337-42). 

The trapping vector for our Stx11 cKO targeted intron 2. Since exon 3 encodes the whole 

protein, the reporter sequence disrupts expression of the entire Stx11 sequence. The cassette 

used for trapping the gene was developed by the Knockout Mouse Project 

(PRPGS00097_A_C09) using bacterial artificial chromosomes and Gateway recombination 

cloning technology in E. coli expressing inducible lambda red proteins. The final targeting vector 

(Fig. 19) has the following elements: 

 
Figure 19. Syntaxin 11 targeting/trapping vector final assembly. Schematic showing the element 

present in the vector introduced into the ESC genome. Reproduced from (IMPC. Stx11 (2016). Retrieved 

from http://www.mousephenotype.org/data/search/allele2?kw=%22Stx11%22). 
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• AsiSI: restriction site used for linearizing the vector before electroporation into ESC 

• 5′ arm: sequence from the endogenous gene required for incorporation by homologous 

recombination 

• FRT: Flp recognition target, recognized by Flp DNA recombinase. 

• En2 SA: splice acceptor sequence required for incorporation of the trapping cassette into the 

endogenous gene transcript  

• IRES: internal ribosome entry site that allows for translation initiation in a 5′ cap independent 

manner  

• lacZ: the gene for the reporter gene β-galactosidase 

• pA: SV40 polyA used as a terminator to define the end of a transcriptional unit 

• loxP: sequence recognized by Cre DNA recombinase 

• hBactP: β-actin promoter driving expression of the neo resistance gene 

• neo: positive selection in ESC; resistance against neomycin and geneticin 

• 3′ arm: sequence from the endogenous gene required for incorporation by homologous 

recombination 

• ori: the origin of replication in bacteria 

• SpecR: spectinomycin resistance gene used for bacterial selection 

• PGK: phosphoglycerate kinase 1 promoter driving expression of DTA 

• DTA: Diphtheria toxin A-chain used for negative selection in ESC 

Competent E. coli cells were transformed with the vector under the presence of 

spectinomycin to amplify the vector. Purified DNA is linearized with the AsiSI restriction enzyme 

before being electroporated into B6 ESC, where it is incorporated into the genome. Since in 

mammalian cells DNA integration into specific chromosomal loci is very rare compared to random 

integration events164, positive and negative selection was used to enrich for properly targeted cell 

clones. When proper homologous recombination occurs at the desire loci, the cell will be resistant 

to geneticin and will lack diphtheria toxin, guaranteeing cell survival (Fig. 20). A random insertion 

caused by a nonhomologous recombination will incorporate the whole linear vector into some 

not desired loci; these cells will be resistant to geneticin but will perish due to the diphtheria 

toxin165. 
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Figure 20. Mouse model gene schematics and genotyping. (A) Syntaxin11 gene schematics of the 

different genotypes. (B) PCR band migration in agarose gel for the different mice genotypes. Black square, 

exon; pistachio square, coding exon; blue flag, FRT site; red flag, loxP site; red square, En2 SA; yellow 

square, IRES; purple square, lacZ gene; orange square, hBactP; green square, neo resistance gene; sky 

blue arrow, primer annealing site. 

The mouse generated from the genetic manipulation will have a nonfunctional copy of the 

Stx11 gene, due to the trapping elements. We crossed this mouse with a B6.129S4-

Gt(ROSA)26Sortm1(FLP1)Dym/JRainJ mouse (ROSA26::FLPe+ knock in #009086; The Jackson 

Laboratory). The expression of Flp eliminated the trapping elements of the cassette, restoring 

Stx11 expression, but left exon 3 flanked by two loxP sites (floxed or F allele). At this stage, the 

mouse can produce a fully functional Stx11 protein. Crossing this floxed mouse with a 

Cre-expressing mouse eliminates exon 3 in tissues expressing Cre. 

To generate a full KO mouse, we used the line B6.C-Tg(CMV-cre)1Cgn/J (CMV-Cre+ 

#006054; The Jackson Laboratory), which expresses Cre under the cytomegalovirus minimal 

promoter (CMV). This ubiquitous promoter deletes the Stx11 gene in many tissues, including the 

germline, so all tissues will lack this protein in the progeny (− allele). To generate a platelet-

specific cKO, we used the line C57BL/6-Tg(Pf4-icre)Q3Rsko/J (Pf4-Cre+ #008535; The Jackson 

Laboratory) that expresses Cre under the PF4 promoter (Δ allele). Studies have shown that Cre 

under this promoter is expressed in the majority of the MKs and represents an effective tool for 

the generation of a lineage-restricted gene KO for studying MKs and platelet function166. 

We genotyped the mice with DNA extracted from a tail tip-sample. Samples are digested 

using proteinase K from Tritirachium album (Sigma Aldrich) and cell lysis solution (Qiagen). DNA 
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is extracted using protein precipitation solution (Qiagen) and centrifuge washes with isopropyl 

alcohol and ethanol. To distinguished between the genotypes (+,−, and F) a PCR is run using the 

primers (5′-3′) AGACTGGCTGGTTAGTGCG (1), CGTGTGGGCATTAAAGCG (2), and 

CAGGATCATCAAACAATGGC (3) with a PCR mix (MyTaq Red Mix; Bioline) in a thermocycler 

(T300 thermocycler; Biometra). The amplification product is run in a 1% agarose gel with ethidium 

bromide in an electrophoresis chamber (Mupid-exu; Advance) and viaulized in an imaging system 

(ChemiDoc MP; Bio Rad). Figure 20 show the bands produced during genotyping: + band (WT) 

568 bp (primers 1-2), F band (Post-FLP) 717 bp (primers 1-2), and − band (Post-Cre) 1097 bp 

(primers 1-3). The presence of a PF4-Cre allele to distinguish between an F or Δ allele in the 

platelet-specific conditional KO, was done with the primers (5′-3′) TGCACAGTCAGCAGGT, 

GTAGGTGGAAATTCTAGCATCATCC, CTAGGCCACAGAATTGAAAGATCT, and 

CCAAGTCCTACTGTTTCTCACTC. Since our mice contain only one copy of PF4-Cre, a F/F 

mouse will give a single 300 bp control band, while a Δ/Δ mouse will have a 300 and a 554 (Cre+) 

band. 

3.2. In vitro experiments 

The in vitro experiments evaluated how depletion of Stx11 affected platelets in isolation. 

3.2.1. Harvesting of platelets 

An abdominal incision was performed on isoflurane anesthetized mice, to retrieve blood 

from the inferior vena cava with a syringe containing 50 µl of 4% sodium citrate. Sodium citrate is 

an anticoagulant that works by chelating Ca2+, which is essential for the activity of the enzymes 

of the coagulation cascade167. The blood obtained is mixed with an equal volume of Tyrode´s 

buffer to keep the platelets under physiological conditions, and is employed as whole blood. 

Platelet-rich plasma (PRP) is obtained from the supernatant after centrifugation of whole blood 

(60 RCF, 10 min; 5810R; Eppendorf). To obtain washed platelets, PRP is centrifuged (635 RCF, 

10 min) and the pellet is washed in phosphate buffered saline (PBS). Washed platelets are 

counted with a Z2 counter (Beckman Coulter) and diluted with Tyrode´s buffer to achieve a 

concentration of 2.5 × 108 platelets/ml. We also use platelet-poor plasma (PPP) as a control in 

some experiments. This is obtained by collecting the supernatant of centrifuge PRP (14000 rpm, 

5 min)  
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Platelets (whole blood, PRP, and washed platelets) are stimulated in the different 

experiments with collagen and thrombin (Chrono-Log) at a low and high dose. When required, 

Ca2+ is restored in the preparations by adding CaCl2 (0.7 mM final concentration). 

3.2.2. Real-time PCR 

To assess the transcript expression of Stx11 and other exocytic Stxs in platelets we used 

the quantitative polymerase chain reaction (qPCR). Quantification was done relative to expression 

of a housekeeping gene168. 

Washed platelets (2.5 × 108 platelets/ml) were lysed (DNA/RNA Shield; Zymo Research). 

RNA was isolated (EZNA Total RNA Kit I, Omega Bio-tek), concentrated (RNA Clean & 

Concentrator; Zymo Research) and converted into cDNA using reverse transcriptase (qScript 

cDNA Super Mix; Quanta Biosciences). Quantification was measured after amplification of cDNA 

for the housekeeping gene [β-actin (Mm00607939_s1)] and the exocytic Stxs 1a 

(Mm00444008_m1), 1b (Mm01275274_m1), 2 (Mm04229900_m1), 3 (Mm01197689_m1), 4 

(Mm00436821_m1), and 11 (Mm01192495_m1) with hydrolysis probes (TaqMan Gene 

Expression Assays; Thermo Fisher) on a ViiA7 RTPCR System (Applied Biosystems) . 

Each probe consists of a small sequence of DNA that binds to a specific cDNA, which has 

attached a fluorophore in close proximity to a quencher. The 5′-3′ exonucelase activity of the 

amplification polymerase cleaves the probe, allowing the fluorophore to separate from the 

quencher and fluoresce. The cycle of amplification where the fluorescence overcomes 3-5 

standard deviations from the background signal noise is called threshold cycle (CT). A low CT 

corresponds to a higher level of expression, and CT can be used to estimate the amount of the 

transcript of interest. 

3.2.3. Protein immunoblot 

Although there is usually a correlation in expression between transcript and protein, most 

crucial findings in qPCR have to be confirmed at a protein level. This is particularly important to 

demonstrate that our genetic manipulations had the predicted consequences on gene expression. 

A protein immunoblot (Western blot) enables the identification of a specific protein from a cell 

extract based on molecular weight separation and antibody identification169 in a semiquantitative 

manner170,171. 

Cells or tissues are lysed in the presence of a cocktail of protease inhibitors (Sigma 

Aldrich) to prevent degradation of the proteins. Total protein concentration is measured 



Chapter 3. Methodology  49 

 

 

(Microplate BCA Protein Assay Kit, Thermo Fisher) to ensure equal protein loading, so the 

samples are compared on equivalent basis. We loaded 5 μg per lane. Migration by 

electrophoresis depends on protein size, shape and charge. To eliminate these last two variables, 

proteins are heated and incubated with a reducing agent (usually 2-mercaptoethanol) and SDS. 

The reducing agent denatures proteins, and binding of SDS to the exposed hydrophobic regions 

maintains proteins in a denatured state and confers a net negative charge to each protein that is 

roughly proportional to its mass171. 10 % SDS polyacrilamide is usually used for the 

electrophoresis gel, and the velocity of migration of proteins towards the anode is inversely 

proportional to their size. To make them accessible for antibody detection, proteins are transferred 

to a nitrocellulose membrane (Bio Rad) by electroblotting, which also uses an electrical current to 

move charged proteins from the gel to the membrane169. 

After transfer, the membrane is blocked with a non-specific protein (Blotting-Grade 

Blocker; Bio Rad) to prevent non-specific antibody binding. The membrane is incubated with 

rabbit polyclonal primary antibodies anti-β-actin (ab119716; Abcam; 1:20,000) and anti-Stx11 

(110-113; Synaptic Systems; 1:10,000), and then washed to remove any excess antibody. The 

membrane is then incubated with a goat anti-rabbit IgG secondary antibody conjugated with the 

horseradish peroxidase (12-348; EMD Millipore; 1:2,000). The enzyme cleaves and activates a 

chemiluminescent agent (SuperSignal West Pico Plus Chemiluminescent Substrate; Thermo 

Fisher) and the photons emitted can be detected on a film (HyBlot CL Autoradiography Film; 

Denville Scientific), causing the appearance of a dark band where the protein is located when 

develop in a medical film processor (Konica)170. The optical density of this band can be measured 

(densitometry) using ImageJ software and is proportional to the amount of protein, but the 

relationship is not linear, therefore this is a semiquantitative technique and it should always be 

normalized with the expression of a house-keeping gene such as β-actin169. Based on the band 

optical density, we can assign a relative value to the Stx11 expression. 

3.2.4. Bioluminescence assay 

The luciferin/luciferase reaction is extremely sensitive to ATP and is used to quantify its 

release from platelet dense granules172. In this technique, 550 µl of anticoagulated whole blood is 

1:5 Tyrode’s-diluted and incubated with luciferin and luciferase (Luciferin-Luciferase; Chrono-Log) 

and platelets are stimulated with an agonist. ATP released from the dense granules combines 

with D-luciferin, which undergoes an O2-dependent conversion catalyzed by luciferase to produce 

AMP, oxyluciferin, and photons173 ) while the sample is stirred (1200 rpm, 37 °C, 5 min). These 
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photons are detected with a photometer (700 Lumi-Aggregometer; Chrono-Log) that is tuned 

using standard ATP solutions (ATP Standard; Chrono-Log). Because there is an excess of 

luciferin and luciferase, ATP becomes the limiting factor, and the number of photons is 

proportional to the amount of ATP. 

3.2.5. Flow cytometry 

Secretory granules also contain membrane proteins that integrate into the plasma 

membrane upon exocytosis. These exposed proteins can be detected with fluorescent antibodies, 

and if the assay uses non-permeabilized cells, the antibodies will bind to the proteins exteriorized 

via exocytosis and not to those stored in the cytoplasmic granules. The antibodies bound to the 

surface of the cells can then be detected by flow cytometry. 

Flow cytometry is a sensitive quantitative tool capable of multiparametric analysis of 

physical, chemical and fluorescent properties of thousands of individual cells per second. Our 

equipment can read up to 20,000 suspended cells/second (LSR II; BD Biosciences). Four lasers 

of distinct wavelengths hit each cell to excite the fluorophores and detectors process the emitted 

fluorescence and light-scattering properties of each cell. The fluorescence emitted by a population 

of cells is then used to obtain a mean fluorescence intensity. A combination of multiple excitation 

lasers and emission filters allows the simultaneous detection of multiple fluorophores174. Cells 

also scatter the laser light. Forward scatter correlates with the size of the cell, and side scatter 

with the cell complexity (e.g., cell shape, granule content)175. Based on this, detected signals can 

be separated into cellular subset or gates . 

10 µl of washed platelets (2.5 × 108 platelets/ml) in 40 µl of PBS is incubated 10 min with 

allophycocyanin (APC)-anti-CD41 antibody, (eBioMWReg30; Affymetrix) to label platelets, 

fluorescein isothiocyanate (FITC)-anti-P-selectin antibody (RB40.34; BD Biosciences) to measure 

alpha granule exocytosis, FITC-anti-LAMP-1 antibody (1D4B; BD Biosciences) to measure 

lysosomal granule exocytosis, and phycoerythrin (PE)-anti-GPIIb/IIIa antibody (Jon/A; Emfret 

Analytics) to measure platelet activation. Later platelets are stimulated 10 min collagen or 

thrombin at low or high dose in the presence of CaCl2. Sample tubes are placed on ice and diluted 

with 1 ml PBS before reading them in the flow cytometer. 

The equipment is set to quantify only the fluorescence of the gate of interest as it is shown 

in Figure 21. The platelet population identified by forward and side scatter, and by the presence 

of CD41 on their surface+176. Granule secretion can be quantified since the emitted light intensity 

is directly proportional to the antigen density. Among all the integral membrane proteins, we used 
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P-selectin from alpha granules177,178 and LAMP-1 from lysosomal granules179,180. In resting 

condition platelets will show a fluorescence baseline since some P-selectin, LAMP-1, and 

activated GPIIb/IIIa are already found on the plasma membrane. The real gain in fluorescence 

intensity is obtained after subtracting the fluorescence of activated platelets minus the resting 

baseline fluorescence. This difference correlates with the amount of granule content secreted and 

with the degree of platelet activation. This last event depends on the conformational change that 

GPIIb/IIIa undergoes during platelet activation and the use of antibodies specific for its activated 

form181,182. 

 

Figure 21. Flow cytometry serum cell populations gating. Populations identified by gating and lineage 

marker staining of a blood sample. Reproduced from (Boilard E, et al. Science 2010; 327(5965):580-3). 

3.2.6. ELISA 

Secretion of alpha granules is so important for platelet function that we wanted to confirm 

any defect detected by flow cytometry with a different method. We decided to use enzyme-linked 

immunosorbent assay (ELISA) to measure the release of soluble PF4 stored in alpha granules. 

ELISA is a method to quantify with high sensitivity and specificity antigen concentration in 

a sample. The soluble antigen is detected by two non-overlapping-epitope antibodies used to 

capture, detect, and quantify the molecule of interest183. 

80-90 µl of supernatant obtained from resting and activated washed platelets (2.5 × 108 

platelets/ml) was placed in wells coated with anti-PF4 antibody to capture the PF4 in solution 
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(Mouse PF-4 ELISA Kit; RayBiotech). After washes to remove unbound PF4, a second antibody 

conjugated with biotin that targest another epitope of PF4 was added and used for detection183. 

The antibody sandwich was then incubated with streptavidin-conjugated horseradish peroxidase. 

Streptavidin binds to biotin and the peroxidase uses hydrogen peroxide to oxidize a chromogenic 

substrate (3, 3, 5, 5-tetramethylbenzidine)184. Sulfuric acid was added to stop the reaction, and 

the intensity of the yellow product was measured at 450 nm in a plate reader185. The colorimetric 

quantification of the intensity of the color has a linear relationship with the concentration of PF4 

in the supernatant186. Comparing our results with those obtained using standard solutions with 

known amounts of PF4 allowed us to extrapolate the concentration of PF4 is known. 

3.2.7. Transmission electron microscopy 

We performed imaging studies in platelets to rule out that the defects we detected in 

platelet secretion are not secondary to abnormalities in morphology or numbers of platelet 

granules. Some storage components of platelet granules have a high affinity for heavy metal salts, 

which creates electron-dense cores in the granules when visualized through transmission EM187. 

The technique depends on the differences in electron density of the different organic molecules 

in the cell to create a visual contrast of the cell structures. 

Washed platelets from the genotypes were diluted to the same concentration (8 × 108 

platelets/ml) to be studied at rest or after stimulation with thrombin (0.1 U/ml, 2 min). We added 

to each sample the required amount of glutaraldehyde to have a final concentration of 2.5 % to 

induce an irreversible cross-linking of the cellular proteins, stopping exocytosis in all platelets at 

the same time. After 2 hrs, platelets were washed with 0.1 M Na-cacodylate. 1 % Osmium 

tetroxide was added as a second fixative that also increases electron-density of lipid membranes. 

Platelets were then pelleted and embedded in 3% low-melting agarose, dehydrated with acetone 

and then embedded in Embed 812 epoxy resin. 100 nm-thick sections were stained with uranyl 

acetate and lead citrate to enhance contrast. Uranyl acetate contrast membranes, nucleic acids 

and nucleic acids containing protein complexes such as ribosomes, while lead citrate acts upon 

ribosomes, lipid membranes, cytoskeleton and other compartments of the cytoplasm188. Images 

were acquired with a transmission electron microscope (Tecnai12; FEI) (8200×, 100 KeV). 

Stereology in an unbiased technique that can create a quantitative analysis of the 

geometry of non-Euclidean 3D objects based on their 2D appearance on cut sections189. From 

the images, a point-count grid consisting of 81-line pairs in STEPanizer software190 was used to 

calculate the volume density (Vv), which is the fraction of total platelet volume occupied by 
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granules. Based on the Vv, it is possible to evaluate granule biogenesis by measuring if all the 

genotypes granules occupy the same volume in resting platelets. As granules are exocytosed, 

their contribution to Vv decreases, therefore Vv after activation can be used to quantify exocytosis 

and to obtain a morphologic correlate to our secretion assays. 

3.2.8. Light transmittance aggregometry 

In vitro platelet aggregation measures the ability of platelets to adhere to each other, and 

this usually correlates with the competence of platelets to form a primary hemostatic plug in 

vivo44,191,192. The turbidity of a solution can be measured with light transmission. Resting platelets 

form a highly turbid suspension, but as they aggregate more light can be transmitted47. 

500 µl PRP (2.5 × 108 platelets/ml) is loaded and stirred into tubes under to increase 

platelet to platelet contact needed for aggregation (1200 rpm, 37 °C) in an aggregometer (700 

Lumi-Aggregometer; Chrono-Log. Then, collagen (1 or 5 µl) is introduced to activate the platelets 

via GPIa/IIa24 while the equipment records changes in turbidity in real time. The instrument is 

calibrated to consider initial PRP to be null light transmission or aggregation, and PPP as 

complete light transmission or aggregation24. 

3.2.9. Flow chamber 

Formation of a hemostatic plug in vivo depends on multiple factors. Platelet-to-platelet 

adhesion as measured by aggregation is required but not sufficient. Adhesion of platelets to 

exposed subendotelial collagen is also important, as are hemodynamic factors such as the 

influence of blood flow on the vessel wall (shear rate)193. In a flow chamber we can study adhesion 

of platelets to a substrate (e.g., collagen) and to each other while manipulating the shear 

rates194,195. 

Anticoagulated whole blood (600 µl) was treated with 1 µl D-phenylalanyl-prolyl-arginyl 

chloromethyl ketone (PPACK 15160; 80 µM; Cayman Chemical) to inhibit thrombin-mediated 

activation. Platelets in the sample were labeled with the fluorescent dye mepacrine (10 μM, 37 °C, 

20 min)196. The sample was perfused into a microfluidic BioFlux System (Fluxion Biosciences) 

with plates coated with type I collagen (25 μg/ml; Helena). Two flow velocities simulating venous 

and arterial shear stress (16 and 60 dyn/cm2, respectively) were used to evaluate thrombus 

formation35,197, which was monitored as the formation of fluorescent platelet aggregates every 10 

s for 200 s under the fluorescent microscope. Fluorescence intensity over time was analyzed 
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using BioFlux Montage software. Stability of the fluorescence signal as shear rate increases can 

be interpreted as better stability of the artificial thrombus196. 

3.3. In vivo experiments 

It is important to evaluate the in vivo effects of the deletion of Stx11. Because many cells 

depend on Stx11 for exocytosis, these experiments require the use of platelet-specific KO mice 

(Stx11Δ/Δ). 

3.3.1. Cell blood count 

Cell blood count was used to rule our changes in the number of circulating platelets before 

committing to in vivo experiments, as thrombocytosis or thrombocytopenia could alter the results 

of our experiments independent of any platelet exocytic defect. 

We processed anticoagulated whole blood (500 µl) in the VET abc hematology analyzer 

(Scil), an impedance-based analyzer that uses whole blood to determine the concentration of 

platelets, and of red and white blood cells198. The process is based on the Coulter principle, which 

states that particles passing through an orifice with current, produce a change in impedance 

proportional to the particle volume. In the machine, whole blood is passed between two electrodes 

through an aperture so narrow that only one cell can pass through at a time. The change in 

impedance as the cell pass through is proportional to cell volume, resulting in a cell count and 

measure of volume199. 

3.3.2. Carotid artery induced thrombosis 

In vitro experiments cannot accurately reproduce the complex environment inside a blood 

vessel, therefore many in vivo model have been developed to replicate the formation of a 

thrombus200. The topical application of ferric chloride (FeCl3) to the adventital surface of an artery 

is a common model of thrombosis201. The model depends on damage to the vessel wall and 

denudation of the endothelium by this acidic and corrosive substance. The exposed 

subendothelial matrix induces thrombus formation with occlusion of the vessel202,203. We chose 

the carotid arteries because they are easily accessible, and we defined vessel occlusion as 

cessation of blood for 1 min or more. 

We dissected and exposed a carotid artery in mice anesthetized with pentobarbital. A filter 

paper (1 × 2 mm) soaked in 10% FeCl3 was applied onto the ventral surface of the artery for 3 
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min204. After removing the paper and rinsing the artery, blood flow was monitored with a Doppler 

flow probe (Transonic Systems), recording the time required to cessation of blood flow for ≥1 min. 

3.3.3. Tail bleeding 

Hemostasis in animals and humans is tested by inducing a reproducible injury to a vessel 

and recording the volume of blood lost or the time required until bleeding cessation (bleeding 

time)205,206. In mice one of the most common methods to assess hemostasis is through tail 

bleeding time207,208. The time is determined by the capacity of interaction between platelets and 

the vessel wall to form a blood clot. 

Mice around 20 ± 2 weeks were used to evaluate arterial and venous bleeding times. Mice 

were initially anesthetized with Avertin prior to tail sectioning. For arterial bleeding time, we 

transected the distal 5 mm of the tail. This injury transects the tail artery and veins (Fig. 22), but 

most of the blood loss depends on bleeding from the tail artery. To induce venous bleeding 

exclusively, we took advantage that the veins in the tail are located dorsally and laterally. We 

used an instrument designer in our laboratory designed that allows a reproducible cut of 0.8 mm 

in depth on the dorsal aspect of the tail at a point where the tail diameter is exactly 3.8 mm80. 

Once the tail had been injured by either method, it was submerged in physiological saline 

solution maintained at 37 °C to avoid temperature interference with the plug formation, and the 

time required for bleeding to stop was recorded209. In compliance with our animal protocols, any 

animal bleeding ≥ 20 min was euthanized, and the bleeding time was considered as 20 min for 

the statistical analysis. 

 
Figure 22. Mouse sectioned tail. Schematic representation of the tail vasculature of a mouse. Adapted 

from (Wright LE, et al. BoneKEy Reports 2016;5:804). 
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Mice with coagulation disorders should have prolonged bleeding times. Based on this, we 

could determine how the deletion of Stx11 affects arterial and venous hemostasis in vivo. 

3.4. Statistical analysis 

All our outcomes were measured in continuous scales. Assuming that their distribution 

was normal, we initially compared the effect of the different genotypes on an outcome by analysis 

of variance (ANOVA). This test determines if the difference between groups is larger than within 

groups, but it does not pinpoint where the difference is210. For that we used the Holm-Sidak test 

for multiple pairwise comparisons211 instead of using multiple Student’s t-tests which increases 

the α error210. We reserved the use of the t-test for the few single pairwise comparisons required 

in our paper. A similar strategy was followed for continuous non-normal data. We initially 

compared all groups using the Kruskal-Wallis H test, and then pursued any significant result with 

Dunn’s test for multiple comparisons or the Mann-Whitney U test for single comparisons212. 

We set the significance threshold in all tests at p <0.05. This means that the probability to 

difference we detected was due to chance was less than 5%, and that we could comfortably (but 

not absolutely) reject our null hypothesis. 

 

 

 

  



  

 

 

Chapter 4 

4. Results 

4.1 Protein expression 

To choose the exocytic Stxs we should study in platelets, we first determined which ones 

are expressed in platelets. For this first approach, we measured mRNA expression in platelets 

from C57 mice by qPCR using hydrolysis probes for the exocytic Stxs (Stx1a, 1b, 2, 3, 4 and 11) 

and β-actin (control). By comparing the CT cycle of each probe relative to that of β-actin we can 

determine the relative transcription level of each Stx. 

 
Figure 23. Expression of exocytic Stxs in C57 and mutant mice. (A) RT-qPCR of exocytic Stxs relative 

to β-actin in C57 platelets. ND, not detected. n = 2-5. (B,C) Immunoblots for Stx11 confirming the global 

deletion in full KO mice (−/−), partial deficiency in heterozygote mice (+/−), normal expression in mice 

homozygous for a floxed Stx11 allele (F/F), and specific deletion only in platelets in cKO mice (Δ/Δ). β-actin 

was used as loading control. Bar graphs represent densitometric values relative to β-actin and normalized 

to values in +/+. ND, not detected. (D,E) Immunoblots for Stx11 global and platelet cKO heterozygote mice. 

Bar graphs represent densitometric values relative to β-actin and normalized to values in +/+. n = 3. Bar, 

mean; error bar, S.E. (F) Immunoblots for Stx2, 4 and 11 in platelets from mice with a platelet-specific 

deletion of Munc18-2 (Δ/Δ) and littermate controls (F/F). Bar graphs represent the densitometric values 

relative to β-actin and normalized to values in F/F. 
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We found no expression of Stx1a, 1b and 3. Stx2, 4 and 11 were transcribed (Fig. 23 A), 

being the most abundant Stx11. We have found that in the absence of Munc18-2 exocytosis of 

the three types of platelet granules is severely defective (Cardenas EI, personal communication), 

and we know that Munc18 and their cognate Stx partners are codependent for normal 

expression134. Therefore, we tested expression of Stx2, 4 and 11 in platelets lacking Munc18-2, 

and found that only the expression of Stx11 was affected (Fig. 23 F). Based on these findings we 

decided to target Stx11 in platelets and generate a Stx11 cKO mouse by flaking Stx11 exon 3, 

which contains the entire coding sequence for the protein, with two loxP sites (Fig. 20). 

As described in methods, using the Stx11 cKO line and different Cre-expressing mouse 

lines we made a full KO line and a platelet-specific KO line. We tested expression of Stx11 in 

platelets (Fig. 23 B) and in other tissues (Fig. 23 C) in mice homozygous (−/−) or heterozygous 

(+/−) for a global deletion of Stx11 and their littermate controls (+/+), and in mice with a platelet-

specific deletion of Stx11 (Δ/Δ) and their littermate controls (F/F). Platelets from Stx11+/+ and 

Stx11F/F have similar levels of expression, confirming that our genetic manipulation did not 

interfere with the expression of Stx11 form the floxed allele. Stx11−/− mice showed deficiency only 

in platelets, validating that our tissue-specific strategy worked. Interestingly, tissues from Stx11+/− 

mice had ~50% of normal Stx11 expression (Fig. 23 C), but their platelets showed expression 

comparable to that of Stx11+/+ mice (Fig. 23 B). We confirmed this in multiple samples from 

Stx11+/− (Fig. 23 D) and Stx11Δ/+ (Fig. 23 E) mice. Based on this, we decided not to include any 

heterozygote line in our studies. 

4.2. Platelet degranulation 

First, we wanted to assess how the exocytosis of the three different types of platelet 

granules was affected by the absence of Stx11. We chose to monitor exocytosis of dense 

granules by ATP release, of alpha granules by exteriorization of P-selectin, and of lysosomal 

granules by translocation of LAMP-1. To confirm that Cre recombination in our cKO mouse was 

as effective as germline deletion of the Stx11 gene, we studied platelets from Δ/Δ and −/− mice. 

Only littermate +/+ and F/F mice were used as controls . 
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Figure 24. Assessment of exocytosis of dense, alpha, and lysosomal platelet granules. Platelets from 

Stx11 mutant mice were stimulated with collagen or thrombin at high and low doses. Representative 

luminometry tracings (A,C) and mean ATP released (dense granules) (B,D). n = 6. Representative flow 

cytometry tracings (E,G,I,K), and mean fluorescence intensity gain (∆MFI) for P-selectin (alpha granules) 

(F,H) and LAMP-1 (lysosomal granules) (J,L). n = 9. White line, mean; box, 25th-75th percentile; whiskers, 

5th-95th percentile. * = p ≤ 0.05; ** = p ≤ 0.01 and *** = p ≤ 0.001; all compared to +/+ unless otherwise 

stated. 

There was no difference in the levels of ATP released from Stx11+/+ and Stx11F/F platelets, 

but secretion of this dense granule marker was completely abolished in the absence of Stx11 

since no ATP could be detected independen of the type and dose of agonist used on Stx11−/− and 

Stx11Δ/Δ platelets (Fig. 24 B,D). In the case of alpha granules, a secretory defect detected in the 

absence of Stx11 with a low dose of collagen was overcome when a high dose was applied (Fig. 

24 F). That was not true of thrombin, where we found a defect independent of the dose used 
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(Fig.24 H). In lysosomal granule exocytosis, a Stx11-dependent difference could only be detected 

with thrombin (Fig. 24 L) but not with collagen (Fig. 24 J). Because we could not detect any 

difference in Stx11 expression (Fig. 23) or exocytic response (Fig. 24) between platelets from 

Stx11−/− and Stx11Δ/Δ mice, we decided to continue studying only the Stx11Δ/Δ line and their StxF/F 

littermate controls. Stx11+/+ mice were kept as an additional control. 

Since alpha granules are essential for proper platelet function213,214, we decided to use a 

second surrogate to measure alpha granule exocytosis: release of PF4. ELISA was used to 

quantify PF4 levels in cell supernatant after exposing platelets to thrombin or collagen. We found 

that released PF4 was severely decreased in platelets lacking Stx11 independent of the stimulus 

employed (Fig. 25 A,B), confirming our previous flow cytometry results with P-selectin. 

 
Figure 25. Lack of rescue by ADP of alpha and lysosomal granule secretion. Washed platelets from 

Stx11 mutant mice were stimulated with collagen or thrombin in the presence or absence of ADP. (A,B) 
Mean release of PF4 (alpha granules) measured by ELISA. n = 6-8. Mean fluorescence intensity gain 

(∆MFI) for P-selectin (alpha granules) (C) and LAMP-1 (lysosomal granules) (D). n = 6. White line, mean; 

box, 25th-75th percentile; whiskers, 5th-95th percentile. *** = p ≤ 0.001; all compared to +/+ unless 

otherwise stated. 

Because ADP from dense granules is a very important autocrine signaling for platelet 

function215, a problem in dense granule exocytosis may indirectly affect alpha and lysosomal 

granule release, as we saw in platelets lacking Munc13-480. To test if the defect in alpha and 
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lysosomal granule exocytosis reflect an intrinsic defect in their exocytic machinery or a secondary 

effect of the absence of ADP signaling, we attempted to rescue their release with exogenous ADP 

and failed (Fig. 25). In the case of alpha granules the lack of rescue was independent of the 

agonist used (Fig. 25 A,B) or the product measured (Fig. 25 A-C). Therefore, there is a primary 

hindrance of alpha and lysosomal granule exocytosis in the absence of Stx11. 

4.3. Platelet morphology and activation studies 

Because the observed decrease in exocytosis could be caused by a deficiency in platelet 

granule biogenesis in the MKs216, we decided to confirm and quantify the presence of dense and 

alpha granules in resting platelets. We applied stereology to transmission EM pictures to obtain 

the fraction of platelet volume occupied by alpha and dense granules (i.e., volume faction; Vv) 

(Fig.26 A). We found that there was no difference in the Vv of dense (Fig. 26 C) and alpha (Fig. 

26 B) granules at rest among the genotypes tested, meaning that platelets depleted of Stx11 

retain a normal capacity to synthesize and store their granules. 

The exocytosis defect phenotype observed in the platelets from Stx11 deletant mice could 

also be morphologically observed in the EM pictures from stimulated platelets (Fig.26 A). 

Stereology proved that alpha and dense granules were released from the stimulated control 

platelets (Fig. 26 B,C). Platelets lacking Stx11 showed no difference in resting and activated 

dense granule Vv (Fig. 26 C) and a small decrease in alpha granule release (Fig. 26 B). The 

morphological analysis of granule release confirm the platelets degranulation deficiency observed 

in platelets lacking Stx11. 
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Figure 26. Platelet EM and activation assays. Washed platelets from Stx11 mutant mice were processed 

for EM. (A) Representative EM cell profiles. Scale bar, 1 μm; solid triangle, dense granule; open triangle, 

alpha granule. (B,C) Mean volume density (Vv) of alpha granules (AG) and dense granules (DG) obtained 

by stereology. n = 11. (D) Mean fluorescence intensity gain (ΔMFI) measured by flow cytometry for activated 

surface integrin GPIIb/IIIa in platelets activated with thrombin 0.1 U/ml. n = 8. White line, mean; box, 25th-

75th percentile; whiskers, 5th-95th percentile. 

Besides problems in granule biogenesis, impairment of platelet activation could also cause 

the defects we observed in secretion217. Therefore, we decided to measure platelet activation in 

the absence of Stx11. Flow cytometry was used to measure the activated form of the GPIIb/IIIa 

plasma membrane complex after stimulation with thrombin. We found that platelets from Stx11Δ/Δ 

could be activated to similar levels as control platelets (Fig. 26 D). These results confirm that 
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cause for the exocytosis impairment observed is the results of platelets incapacity to properly fuse 

membranes and not because of a deficiency in granule content or activation. 

4.4. Platelets in vitro functional experiments 

We then proceeded to study how the absence of Stx11 affects platelet function. We initially 

studied the capacity of platelets to aggregate in vitro. We applied light transmission aggregometry 

collagen-stimulated PRP. This test has proven to have a good correlate with hemostasis and is 

used in clinical medicine to predict bleeding disorders. The capacity to aggregate of Stx11Δ/Δ 

platelets was severely diminished when stimulated at a low dose of collagen (Fig. 27 A,B). This 

defect could not be completely rescued by applying a higher dose of collagen (Fig. 27 A,B). 
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Figure 27. Platelet aggregation and thrombus formation assays. PRP from Stx11 mutant mice were 

stimulated with collagen. Representative tracings (A) and average maximum aggregation (B) of stimulated 

platelets. n = 6. Whole blood was labeled with mepacrine and perfused in a microfluidic system over 

collagen-coated plates at low (C) or high (D) shear stress. n = 6-9. White line and circle, mean; box, 25th-

75th percentile; whiskers, 5th-95th percentile; error bar = S.E. * = p ≤ 0.05; ** = p ≤ 0.01 and *** = p ≤ 0.001; 

all compared to +/+ unless otherwise stated. 

A better test to evaluate platelets adhesion to vessel walls is a microfluidic assay that 

monitors the adhesion of fluorescent-labeled whole blood to the walls of microchannels coated 

with collagen while being perfused at different shear rates. In this technique, we can simulate 

sheer stress found in venous (16 dyn/cm2) and arterial (60 dyn/cm2) circulation. We found that 

platelets adhesion to the coated wall was decreased in platelets lacking Stx11 (Fig 27 C), a defect 
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that was magnified at higher sheer stress (Fig 27 D). Our results suggest that mice which platelets 

lack Stx11 could have a disorder in platelet plug formation (i.e., primary hemostasis). 

4.5. Platelets in vivo experiments 

Prior to study how the absence of Stx11 affects the function of platelets in vivo, cell blood 

counts were performed to evaluate if deletion of Stx11 could affect the number of circulating 

platelets, invalidating our assays in animals218. We measured the concentration of cellular 

elements in whole blood using impedance, and we obtained no difference among all genotypes 

(Table 6). 

Table 6. Cell blood counts. Concentration gave as mean ± standard error of the mean. n = 6. 

 Stx11 Stx11F/F Stx11 

White blood cells (× 109/l) 6.2 ± 0.3 5.5 ± 0.5 5.0 ± 0.4 

Red blood cells (× 1012/l) 9.2 ± 0.1 9.1 ± 0.1 8.8 ± 0.2 

Platelets (× 109/l) 735 ± 21 773 ± 31 731 ± 27 

 

We first tested if intravascular thrombosis was affected in mice lacking Stx11 in their 

platelets. We used a thrombosis model based in which arterial wall damage is induced with FeCl3, 

and thrombus formation is monitored by occlusion of the artery with cessation of flow. We found 

that the Stx11Δ/Δ mice have an attenuated formation of occlusive thrombi (Fig. 28 A). Actually, 

100% of Stx11Δ/Δ mice failed to have cessation of carotid blood flow 30 min after the injury and 

had to be euthanized, an event that did not happened in any Stx11+/+ and Stx11F/F mice. 
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Figure 28. Thrombus formation, and arterial and venous bleeding-time assays. (A) Time to carotid 

occlusion after applying FeCl3 abluminally for 3 min. Mice were euthanized after documented cessation of 

blood flow ≥ 1 min or at 30 min. n = 6. Bleeding was induced and timed in Stx11 mutant mice. (B) Arterial 

bleeding was induced by transecting the distal 5 mm of the tail. n = 8. (C) Venous bleeding was assessed 

by a selective incision of the dorsal tail venous plexus. n = 10. Mice were euthanized upon cessation of 

bleeding or at 20 minutes. Circle, individual mice; Line, mean. *** = p ≤ 0.001; all compared to +/+ unless 

otherwise stated. 

Finally, we evaluated hemostasis in mice by sectioning the tail and measuring the time 

until bleeding cessation. By producing different cuts to the tail, we assessed venous and arterial 

hemostasis. The results showed that mice lacking Stx11 in their platelets have a severe limitation 

in venous (Fig. 28 B) and arterial (Fig. 28 C) hemostatic capabilities.



  

 

 

Chapter 5 

5. Discussion 

5.1. Expression of syntaxins in platelets 

We tested expression of all known Stxs involved in exocytosis in C57BL/6J platelets (Fig. 

23 A). Absence of Stx1a and Stx1b was expected since both proteins are expressed mainly in 

neuronal tissues219. In agreement with others, we found transcripts for Stx2, 4 and 1125,137,143,220,221. 

The fact that Stx11 was transcribed at levels ~4 times larger than Stx2 and Stx4 suggested that 

Stx11 might be the main mediator of exocytosis in platelets. The other two Stxs could have a 

redundant or supplementary role, or might be involved in other types of vesicular traffic. 

Interestingly, there was no expression of Stx3 in platelets despite its known role in exocytosis in 

other cells of hematopoietic lineage such as mast cells222-224 (R Adachi, personal communication) 

and neutrophils225-227. 

Protein immunoblots confirmed that insertion of the two loxP sites by homologous 

recombination into the Stx11 gene did not affected its expression, given that protein levels were 

almost identical between platelets from +/+ and F/F mice (Fig. 23 B,C). The fact that expression 

was abolished in −/− animals confirmed that the mutant allele was susceptible to recombination 

by Cre recombinase. Furthermore, the immunoblots proved that expression of Stx11 was 

eliminated only in platelets in the Δ/Δ mice, reflecting the specificity of our targeting strategy. 

Interestingly, we observed the expected reduction in Stx11 expression in +/− mice in all tissues 

(Fig. 23 C) but platelets (Fig. 23 B). Immunoblots of platelets from multiple heterozygote mice (+/− 

and Δ/+) showed normal expression of Stx11 (Fig. 23 D,E). Although we have not seen this 

compensatory overexpression in platelets from mice with mutations in other proteins involved in 

exocytosis such as Munc13-480 and Munc18-2 (R Adachi, personal communication), this 

phenomenon has been described for other genes228,229. In those cases the compensatory 

overexpression has been attributed to the polyploidy of the MKs 230. 

Every exocytic Stx requires a cognate Munc18 for its expression, correct localization and 

function231,232. We have found that Munc18-2 is the only isoform that mediates exocytosis in 

platelets134 (R Adachi, personal communication). Thus, we interrogated the effects of the deletion 

of Munc18-2 on the expression of the exocytic Stxs expressed in platelets. Platelet samples taken 

from Munc18-2Δ/Δ mice showed that only Stx11 expression was affected in the absence of 
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Munc18-2 (Fig. 23 F), suggesting that the partners involved in platelets exocytosis are Munc18-2 

and Stx11. 

5.2. Platelet exocytosis 

Our data indicate that Stx11 is involved in the release of the three types of platelet granules 

(Fig. 24). This almost universal defect in regulated exocytosis in the absence of Stx11 cannot be 

explained by a failure in platelet activation, as we saw similar surface levels of activated αIIbβ3 (Fig. 

26 D) and similar changes in platelet shape (Fig. 26 A, lower row) upon exposure to thrombin. 

The stereological analysis of EM images also showed that the alpha and dense granules 

were present despite the absence of Stx11, and that they occupied the same fraction of the 

platelet volume (Fig. 26 B,C), discarding the possibility that the defect in degranulation was 

secondary a defect in the genesis of granules. 

Finally, the EM studies gave us a morphological confirmation of our functional secretion 

assay, as we saw that the expected loss of intracellular alpha and dense granules did not occur 

in the absence of Stx11 (Fig. 26 A). 

A generalized secretory defect thrombin has been described in the platelets of a patient 

with FHL4 who was a double hemizygous for missense mutations in the two Stx11 alleles25. We 

used two agonist (thrombin and collagen) to test if the defects depended on the agonist used. 

Exocytosis of dense granules was completely abolished regardless of the agonist used (Fig. 24 

A-D). 

The effects on the other two types of granules depended on the agonist used. In the case 

of lysosomal granules a defect in exocytosis was only elicited when thrombin was used (Fig. 24 

I-L), and different than the impairment described in the patient with FHL4, the defect was severe. 

One explanation could be that we used translocation of LAMP-1 to the plasma membrane as 

surrogate for lysosomal granule exocytosis and they measured β-hexosaminidase activity in cell 

supernatant. Another, that there are intrinsic differences in the platelet exocytic machineries of 

human and mice. 

As shown in the FHL4 patient, thrombin-dependent alpha granule secretion was severely 

affected (Fig. 24 G,H), and this was confirmed using a second marker of alpha granule exocytosis 

(Fig. 25 A). On the other hand, exposure to a high dose of collagen was able to rescue the defect 

(Fig. 24 E,F and Fig. 25 B). This suggest that there should be another Stx that could replace the 

function of Stx11 during extreme stimulation. We found that Stx1a, Stx1b and Stx3 are not 
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expressed in platelets. It was reported that platelets from a Stx4 KO mouse had no secretory 

defect25, and we have been unable to document any exocytic abnormality in our Stx4 conditional 

KO mouse line (R Adachi, personal communication). In the case of Stx2, initial reports that 

application of anti-Stx2 antibodies to permeabilized platelets affected secretion were discarded 

once it was shown that platelets form a Stx2 KO mouse had normal exocytosis25. Thus, it could 

be possible that a Stx other than those classically associated with exocytosis may partially replace 

the function of Stx11, but its identity and possible physiological significance remain unknown. 

Secretion of ADP from dense granules has a positive autocrine and paracrine stimulatory 

effect on platelets172,233,234. Therefore, a defect in dense granule release could cause a secondary 

defect in exocytosis of alpha and lysosomal granules as we and others observed in platelets 

lacking Munc13-42,80. In that case, we were able to rescue the defect in alpha and lysosomal 

granule exocytosis by applying exogenous ADP80. When we tried the same in Stx11-deletant 

platelets, the addition of ADP made no difference (Fig. 25), pointing that we were dealing with an 

intrinsic defect in the platelet exocytic machinery. 

The Stx11 mutant mice we studied phenocopy the Munc18-2 conditional KO mouse in 

almost all our tests (R Adachi, personal communication), reinforcing the possibility that in platelets 

these partners mediate almost all forms of exocytosis, while Munc13-4 interacts with these 

proteins only during exocytosis of dense granules80. 

5.3. Thrombosis and hemostasis 

Platelets main role in the body is preventing bleeding diathesis during an injury. Stx11Δ/Δ 

mice show severe bleeding disorder. Through induction of thrombus formation with FeCl3 (Fig. 28 

A), platelets show an incapacity to generate a proper thrombus. Based on the flow chamber data 

(Fig.27 C,D) , we can hypothesize that the thrombus stability and formation has been affected in 

the absence of Stx11. The consequences of a defective thrombosis are further perceived in the 

hemostasis assay, where mice lacking Stx11 shows unstoppable bleeding when their tail is 

transected (Fig. 28 B,C). 

The bleeding diathesis is cosued due to a deficiency in platelets granule secretion, since 

the number of platelets, granules and activation remain unaffected in the Stx11Δ/Δ mice. Alpha, 

but especially dense granule content secretion is essential for hemostasis. The importance of 

ADP in normal hemostasis is clearly demonstrated in patients suffering from storage pool disease 

who show excessive bleeding tendencies235. When initially stimulated, platelets will first release 

dense granules, ADP will act in an autocrine or paracrine way on the P2Y1, P2Y12, and P2X1 
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receptors causing signaling amplification. Receptor activation is responsible for primary 

aggregation, secondary aggregation, adhesion, TXA2 synthesis, shape change, degranulation, 

Ca2+ influx, inhibition of cAMP, and increase agonist sensitivity234,236. Our platelets show difficulties 

to aggregate in vitro (Fig. 27 A,B), which causes problems in thrombus formation as seen in the 

flow chamber (Fig. 27 C,D). The lack of a proper thrombus formation causes an inefficient 

hemostasis. The data indicates that due to an improper membrane fusion caused by Stx11 

absence and improper assembly of the SNARE core complex at the last step of exocytosis, 

causes a deficiency in platelet hemostatic capabilities. 

It is important to remark that the in vitro results are isolated conditions that help us to 

understand the mechanism, but in the body that rarely happens like that. Even if we used the best 

and most common used in vivo techniques, we need to remember that they have certain 

limitations or drawbacks. While the carotid experiment is performed directly in mice, it is important 

to realize that the method used to induce thrombosis does not occur naturally in the body. Tail 

bleeding represents our most natural experiment to test hemostasis, but the technique is limited 

not only to temperature or human factor to determine when the bleeding stops, but also in the 

generation of an exactly same cut among all the mice tested.



  

 

 

Chapter 6 

6. Conclusions 

Stx11 is the main Q-SNARE in the machinery that mediates exocytosis of dense, alpha 

and lysosomal granules in platelets. Our data suggest that there should be another Q-SNARE 

involved in this process, the function of which is only revealed in the absence of Stx11. 

The platelet dysfunction in the absence of Stx11 is severe, and induces marked 

abnormalities in vivo in thrombosis and hemostasis. These phenotypes are secondary only to 

platelet defects, and not to abnormalities in other tissues that also depend on regulated exocytosis.
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Appendix A 

Abbreviations and acronyms  

Table A. 1 Abbreviations and acronyms 

 Description 

ANOVA Analysis of variance 

APC Allophycocyanin 

CD Cluster of differentiation  

cKO Conditional knockout 

CMV Cytomegalovirus minimal promoter 

Cplx Complexin 

CT Threshold cycle 

DAG Diacylglycerol 

DMS Demarcation membrane system 

DTS Dense tubular system 

ELISA Enzyme-linked immunosorbent assay 

EM Electron microscopy 

ER Endoplasmic reticulum 

ESC Embryonic stem cells 

FeCl3 Iron(III) chloride 

FHL4 Familial hemophagocytic lymphohistiocytosis type 4 

FITC Fluorescein isothiocyanate 

Flp Flippase 

FRET Fluorescence resonance energy transfer 

GP Glycoproteins 

GPCR G protein-coupled receptor 

HSC Hematopoietic stem cells 

Ig Immunoglobulin  

IP3 Inositol 1,4,5 trisphosphate 

KO Knockout 

LAMP Lysosomal-associated membrane protein 
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MKs Megakaryocytes 

Munc Product of a mammalian uncoordinated gene 

NSF N-ethylmaleimide-sensitive factor 

OCS Open canalicular system 

PAR Protease-activated receptors 

PBS Phosphate buffered saline 

PE Phycoerythrin 

PF4 Platelet factor 4 

PIP2 Phosphatidylinositol 4,5-bisphosphate 

PPP Platelet-poor plasma 

PRP Platelet-rich plasma 

qPCR Quantitative polymerase chain reaction 

Rim Rab-interacting molecule 

Rim-BP Rim-binding proteins 

SDS Sodium dodecyl sulfate 

SNAP Synaptosomal-associated protein 

SNARE Soluble NSF attachment protein receptor 

Stx Syntaxin 

Syt Synaptotagmin 

TF Tissue Factor 

TMR Transmembrane region 

TXA2 Thromboxane A2 

VAMP Vesicle-associated membrane proteins 

Vv Volume density 

vWF von Willebrand factor 

αSNAP Soluble NSF attachment protein alpha 
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