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CHAPTER 1 

INTRODUCTION 

The cardiovascular system, hemostasis and the role of platelets 

The cardiovascular system (CVS) is the body’s highway that can be modulated by 

external factors lead to abnormalities in either cardiac, vascular, and/or blood function 

imperative to CVS maintenance (Potočnjak et al. 2016). Consequently, the CVS can be 

considered one of the most vital aspects of a living system that connects all the individual 

“parts” into a “whole.” Hemostasis maintains normal CVS function (Zarbock, Polanowska-

Grabowska, and Ley 2007; I. Cornelissen et al. 2010; W. Bergmeier and Hynes 2012). If 

rupture of the CVS occurs, i.e. bleeding, blood flow through the vasculature needs to be 

quickly retained inside the damaged vessel. This process requires the contraction of the 

vasculature, binding of cells and platelets to the injury site, and coagulation (Versteeg et 

al. 2013) (Figure 1). Pathologies arise following imbalances in hemostatic factors leading 

to either insufficient hemostasis, (bleeding or hypocoagulability pathologies) or improper 

initiation of repair mechanisms (thrombosis or hypercoagulability pathologies) (Stutz et al. 

2013). The vasculature is a network of arteries, veins, and capillaries, which houses the 

blood component. Platelets are small, anucleated, cellular fragments that maintain the 

vascular integrity by binding sites of injury and forming a platelet plug. Upon vessel 

damage, platelets adhere to the damaged site and aggregate through interactions of platelet 

receptors with extracellular ligands and soluble proteins. The plasma contains factors 

important in clot formation that act to stabilize platelet plug formation.  These three 

components have overlapping functions but also play distinct roles in hemostasis. Vascular 

damage and exposure of subendothelial tissue factors generate thrombin with multiple 
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effects on other coagulation factors and platelets. Platelets not only contribute to the 

hemostatic plug formation, but also act to accelerate the coagulation system and therefore 

play a vital role in hemostasis (Versteeg et al. 2013) .  

Formation of a clot, or thrombs, results in the sustained or temporary loss of blood 

flow. If blood flow is reduced within the peripheral arteries it may lead to limping due to 

pain in the leg. Occlusion of peripheral blood flow can also lead to critical limb ischemia 

which is the lack of oxygen to the limb or leg when it is at rest. In all of these cases, it is a 

blockage or limited blood flow through the vasculature that leads to pathologic conditions. 

Within the central nervous system, reduced vascular function can lead to stroke or a 

transient ischemic attack (Kahn et al. 1998; Bynagari-Settipalli et al. 2014). 

One pathology that can initiate obstruction of vascular blood flow is 

atherosclerosis. Atherosclerosis, which is the buildup of fatty plaques leading to vessel 

stiffening, is one of the most common vascular diseases in western culture (Goldstein et al. 

2015a). While it remains unclear how atherosclerosis pathology is initiated, the disease can 

advance rapidly leading to life threatening conditions (Wozniak et al. 2011). Obstruction 

of vascular blood flow occurs when fatty plaques lining the inner walls of the vasculature 

thicken or rupture leading to platelet accumulation.   In some cases, this leads to decreased 

blood flow and to the complete occlusion of local circulation. There are various types of 

fatty lesions that can develop: non-atherosclerotic intimal lesions, progressive 

atherosclerotic lesions, lesions with acute thrombi and lesions with healed thrombi 

(Virmani et al. 2000).  

In addition to vascular occlusions, several other vascular diseases can occur. For 

example, an aortic aneurysm results from bulging of a weakened area in the wall of a blood 
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vessel, which creates turbulence in blood flow and increases the likelihood of platelet 

activation. Other pathologies related to the vasculature include thoracic vascular disease, 

abdominal vascular disease, peripheral venous disease, lymphatic vascular disease, and 

vascular disease of the lungs including hypertension (Virmani et al. 2000; Angiolillo, 

Capodanno, and Goto 2010; Wozniak et al. 2011). These conditions lead to an abnormal 

environment for circulating platelets, and can alter baseline function and responsiveness. 

Premature or inappropriate platelet activation can further exacerbate these conditions by 

increasing the likelihood of vessel occlusion. 

From both a clinical and biological prospective, platelet function is dependent on 

the function of the other hemostatic components including the vasculature and plasma 

factors. The relationship of these components serve to limit blood loss, preserve tissue 

perfusion, and stimulate local repair processes.  Each component will be discussed in 

greater detail below. In this chapter, I will particularly focus on the function of platelets, 

their activation mechanisms, and describe the fundamental functional importance of these 

small cellular fragments within hemostasis.  

 

Role of the vasculature in hemostasis 

The vasculature system is a series of blood vessels that carry the liquid and cellular 

components of the blood throughout the body. However, it is more than just a system of 

conduits or tubes that contain the blood. Composed of multiple cell types including 

endothelial cells, smooth muscles, and fibroblasts, the tone of the vasculature is regulated 

by local and distal factors (Koba et al. 1999; Paul M Vanhoutte et al. 1986; Ware 2004). It 
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is the dynamics of vessel structure and function that makes the vasculature a key player in 

hemostasis. 

 

 

 

Figure 1. Hemostasis. Hemostasis is the maintenance of the body’s circulation system. The 

processes can be divided into three distinct categories once injury occurs to the blood 

vessel: 1) vascular contraction or spasms 2) platelets binding to injured endothelium and 

form a platelet plug and 3) coagulation that stabilizes the clot. (Stalker et al. 2013) 

 

The vasculature can be characterized by the size and complexity of its regions 

including arteries, veins, and capillaries.  The arteries carry oxygenated blood to the tissues, 

while veins carry blood back from the tissues to the heart and lungs for re-oxygenation 
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(Bing and Hammond 1949). Capillaries, located between the arteries and the veins, are the 

site of distribution for oxygen-rich blood and absorption of waste to be carried away by the 

veins (Morel 1950). Veins are considered a capacitance vessel and have a blunted pressure-

volume relationship. Veins serve as the volume reservoir to retain a relatively constant 

volume of the blood.  

In hemostasis, the vessel’s role depends on its structural dynamics (Figure 1). The 

primary vasoconstriction substance released during injury is thromboxane A2 (Gryglewski, 

Dembínska-Kieć, and Korbut 1978). Thromboxane A2 is released by activated platelets 

and is responsible for most of the vascular contraction. However, other factors like ADP 

can also lead to smooth muscle contraction (Wihlborg et al. 2004). These factors along 

with other platelet agonists will be discussed in the platelet section.   

 

Role of coagulation in hemostasis 

While primary hemostasis requires vessel constriction and binding of platelets to 

the injury site, it is the coagulation cascade, or secondary hemostasis, that regulates the 

stabilization of thrombus growth (L Shen 1983; Champy 1952). Coagulation is the process 

by which the blood changes from a liquid to a solid, gel-like state(Lister 1891). Fibrinogen 

and other coagulation factors found in the plasma secure the platelet plug through the 

deposition and maturation of fibrin that solidifies platelet-platelet contacts (Palta, Saroa, 

and Palta 2014).  This process requires coagulation factors or clotting factors that respond 

in a complex cascade to form fibrin strands that strengthen the integrity platelet plug to 

prevent dissociation for the injury site (Palta, Saroa, and Palta 2014). Two distinct 

pathways are part of the coagulation cascade and converge onto one common path 
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(Mackman 2009).  The extrinsic pathway has a cell-associated tissue factor component 

while the intrinsic pathway is initiated by collagen exposure following vascular damage. 

The common pathway consists of the plasma components that lead to thrombin activation 

from prothrombin. Cross-linked fibrin is the final product of coagulation regardless of 

which pathway is initiated. Fibrin is produced when activated thrombin cleaves fibrinogen, 

and crosslinking occurs through the activation of Factor XIII (Nahrendorf et al. 2006; 

Ádány, Ph, and Sc 1996; Komanasin et al. 2005; Lee et al. 2000). 

In order to determine where thrombin generation occurs during in vivo thrombi 

formation, studies using antibodies that target either fibrinogen or fibrin have been used to 

localize the final product of the coagulation cascade (Stalker et al. 2013). These studies 

suggest that fibrin formation only occurs within the interior region of a growing thrombus 

but is required for initial thrombus formation (Stalker et al. 2013). Moreover, these studies 

suggest that thrombin is localized within the core region of a growing thrombus. Therefore, 

it is likely that coagulation is occurring directly at the site of injury and not necessarily 

throughout the entirety of the thrombus (Figure 3).  These observations suggest the 

spatially and temporally regulated exposure of platelet to varying agonist within the 

thrombus structure.   

 

Role of platelets in hemostasis 

Platelets, also called thrombocytes, stop bleeding by binding at sites of vascular 

injury (Figure 1). Platelets are small, anucleated, cellular fragments that are derived from 

megakaryocytes. The megakaryocyte produces pro-platelets while lodged in the lung 

capillaries and shed cellular fragments that become platelets (Machlus and Italiano 2013). 
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Platelets are produced in a blebbing process, that resembles soap bubbles blown on a windy 

day (Machlus and Italiano 2013). Therefore, platelets are not technically cells but rather 

small collections of cellular components, or cellular dust, approximately 1-3µm in diameter 

(Machlus and Italiano 2013). Platelets reside in circulation for about 7-10 days in a human 

and between 4-6 days in a mouse (Tsakiris et al. 1999; Ware 2004).  To be cleared from 

circulation, platelets are degraded following recognition by macrophages found in the liver 

and spleen (R. Li, Hoffmeister, and Falet 2016). Platelets are found only in mammals, 

whereas other animals such as birds and amphibians have circulating mononuclear cells 

(Levin 1997).  

Studying platelets allows for a unique perspective into cell biology because they do 

not have a typical nucleus. However, platelets do contain transcripts that might relate to 

other physiological or pathological conditions (Harrison and Goodall 2008; McManus and 

Freedman 2015). An entire field has emerged from the discovery that platelets contain 

precursor mRNA and have the ability to translate mature mRNA into protein (Schubert, 

Weyrich, and Rowley 2014; Rowley, Schwertz, and Weyrich 2012; Stritt et al. 2015). 

These studies elucidate the complex and dynamic interaction that platelets within their 

environment.  

In an attempt to simplify the role of platelets in hemostasis, platelet function can be 

divided into three key components: adhesion, activation, and aggregation (Baker-Groberg 

et al. 2016; Hom et al. 2016). The binding and activation of platelet to the injury site is the 

initial step to maintain CVS integrity. These functions are dependent on one protein in 

particular, the αIIbβ3 integrin, which is described in detail later in this chapter. 

Additionally, later stages of platelet activation lead to aggregation due to platelet-platelet 
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fibrinogen bridge formation mediated through this key integrin (Bodary, Napier, and 

McLean 1989; Versteeg et al. 2013; Bonnefoy et al. 2001).  

In a recent paper published by Stalker et al. (Stalker et al. 2013), a combination of 

approaches was used to explore the dynamics of the platelet signaling network. They 

demonstrated a tiered organization of in vivo clot structure consisting of an inner core of 

fully-activated, P-selectin expressing, platelets overlaid with an unstable shell of non-fully-

activated platelets retained on the surface of the thrombus. It is critical that experiments 

examining platelet activation do so in the context of the platelet activation in vivo in order 

to increase the physiological implication of platelet research. Below, I will discuss four key 

aspects of platelets: platelet agonists and signaling, shape change, granule exocytosis, and 

finally integrin activation. Most importantly, all of these elements will be positioned within 

the hierarchical structure of in vivo clot formation (Figure 3). 

 

G-proteins, GPCRs, and platelets 

Most of the platelet receptors that have be discussed are G-protein coupled 

receptors. G-protein coupled receptors (GPCRs) are the largest family of transmembrane 

receptors, which transduce extracellular signals into intracellular responses.  All GPCRs 

share basic structural motifs, the best-known of these being seven hydrophobic 

transmembrane domains that adopt an alpha-helical conformation, giving the receptors the 

alternative name “7-transmembrane receptors”. GPCRs bind to their extracellular ligand 

and change conformations to activate G-proteins (Figure 2).  

GPCRs are guanine nucleotide exchange factors (GEFs). After the agonist binds to 

the GPCR, a complex consisting of agonist, receptor, and heterotrimeric G-protein is 
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formed. When all three of these components are bound, nucleotide exchange occurs. This 

has been demonstrated using the crystal structures of β2 adrenergic receptor as a model for 

GPCR signaling (Rasmussen et al. 2011). The heterotrimeric G-proteins consist of an α 

subunit that contains a GTP-binding domain and a βγ subunit. When it is in the inactive 

confirmation the Gα subunit is bound to GDP. When activated by a GPCR, GDP is 

exchanged for GTP and the G-protein acquires and activate conformation (Yeagle and 

Albert 2003; Siekhaus and Drubin 2003). The other half of the heterotrimeric G-protein 

consists of the bound β and γ subunits which has distinct signaling capacities including the 

activation of PI3K and PLD (Preininger et al. 2006). A structure of the G-protein β γ dimer 

was published using multiwavelength anomalous diffraction data and computational 

approaches (Sondek et al. 1996). This structure demonstrated that the β subunit contains a 

seven-blade β-propeller that is surrounded by the γ subunit. The βγ subunit can regulate a 

diverse array of effects including ion channels and enzymes(Ford et al. 1998). The 

organization of the β subunit account for different regions that interact with specific 

effectors (Ford et al. 1998). These regions overlap with α subunit interaction site. Therefore 

dissociation is crucial for signal transmission through the βγ subunits. There is a substantial 

effort in the lab of Dr. Hamm to elucidate alternative roles of the βγ subunit including its 

interactions with the SNARE protein for the secretion of granules (Blackmer et al. 2005; 

Zurawski et al. 2016; Yim, Betke, and Hamm 2015).  

The type of signaling initiated by the G-protein is based on the α subunit: Gαs, Gαi/o, 

Gαq, and Gα12/13 as illustrated in Figure 2. Gαs activates adenylate cyclase, leading to cAMP 

production and the activation of PKA, Ras, and Rap small GTPases. Gαi/o signaling inhibits 

adenylate cyclase and reduces cAMP levels, while also activating Rap1 and c-Src. Gαq 
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activates PLC-β which causes the production of phosphatidylinositol and DAG production. 

Gα12/13 can activate Rho leading to activation of the MAPK pathway and initiating platelet 

shape change. Additionally, phosphatidylinositol activates IP3 receptors on the 

endoplasmic reticulum leading to increases in intracellular Ca2+ levels. Finally, the Gβγ 

subunit can also lead to activation of PI3K and the downstream activation of Rac1 and 

CD42 (Touhara et al. 1994; Sondek et al. 1996; Woulfe et al. 2002).  

 

Platelet agonists and signaling 

Platelet agonist can be characterized based on the strength of the subsequent platelet 

activation (Figure 2). One of the strongest platelet agonists in vivo is thrombin after it is 

activated following cleavage in the final step of the coagulation cascade (Figure 1) (Palta, 

Saroa, and Palta 2014). A fundamental functional role of thrombin is activation of the 

protease-activated receptor (PAR) family found on platelets (Kahn et al. 1998; Covic, 

Gresser, and Kuliopulos 2000; M. Duvernay et al. 2013). This family includes PAR1 and 

PAR4 in humans and PAR3 and PAR4 in mice (Weiss et al. 2002). The mechanism by 

which PARs are activated is unique, in that an extracellular cleavage event on the exterior 

portion of the receptor is transduced into an intercellular signaling cascade. In this sense, 

thrombin does not act like a typical ligand, and instead cleaves the receptor’s amino-

terminal exodomain at the Arg41/Ser42 peptide binding site within the sequences 

LDPR41/S42FLLRN (J. Chen et al. 1994). It has also been suggested that intramolecular 

tethered ligand-ing between receptors can occur (J. Chen et al. 1994; Vu et al. 1991).   

Thrombin can activate platelets at a concentration as low as 0.1nM. Within seconds 

of thrombin addition, the cytosolic calcium (Ca2+) concentration in the platelet increase 

tenfold (Obydennyy et al. 2016). While these receptors are similary activated by peptide 
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products following thrombin cleavage, PAR1 and PAR4 have very different functional 

roles mediating platelet activation (M. Duvernay et al. 2013). In order to examine the 

functions of individual PARs, specific peptides have been developed to mimic the cleaved 

product (Bernatowicz et al. 1996). However, the synthetic peptides display considerably 

reduced efficacy as compared to thrombin, suggesting possible alternative mechanisms 

underlying the high potency of platelet activation seen with thrombin. Both PAR1 and 

PAR4 bind to Gαq, Gα12/13, and Gαi/o differences in signaling exist (Holinstat et al. 2006; 

M. Duvernay et al. 2013; Muehlschlegel et al. 2012; Hirano et al. 2007). Increases in 

platelet cytosolic Ca2+ lead to activation of PLA2 (Yoda et al. 2014). Phospholipase A2α 

(cPLA2α) may play a significant role in platelet function by producing a novel eicosanoid 

in response to platelet activation that represents a large component of PAR4- and GPVI-

mediated responses (M. T. Duvernay et al. 2015). Thrombin also activates Rho, leading to 

actin cytoskeleton rearrangement and shape change that are linked to Gα13 (Huang et al. 

2007). Finally, thrombin also either directly or indirectly causes inhibition of adenylyl 

cyclase activity. Furthermore, several interesting relationships between PARs and other 

platelet receptors exist. For instance, although purinergic receptor P2Y G protein-coupled 

12 (P2Y12), is thought to act downstream of PARs to amplify platelet activation, P2Y12 has 

been shown to have a greater impact than PAR signaling on hemostasis in models of arterial 

thrombosis (I. Cornelissen et al. 2010). 
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Figure 2. GPCRs involved in platelet activation. Shown are a number of G-protein 

coupled receptors (GPCRs) that play a critical role in platelet activation. These proteins 

are activators of heterotrimeric G-proteins that can signal to downstream effectors as 

shown. Activation of these downstream effectors leads to cellular responses including 

shape change, granule exocytosis, and integrin activation. (Offermanns 2006) 
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Figure 3. Clot structure and hierarchy. The platelet plug (clot, thrombus) can be separated 

into regions based on component gradients. Regarding platelet agonists, strong agonists 

such as thrombin are important in forming the inner region or core of the clot. Weaker 

agonists like ADP and thromboxane A2 are important in mediating the size of the outer 

shell region of the platelet plug. Extracellular proteins like fibrinogen also can be divided 

into distinct regions within the clot structure. Fibrinogen is found in the outer area of the 

platelet plug but is only converted into fibrin in the final stages of the coagulation cascade 

by thrombin within the core region. The clear distinctions between different sections can 

be mirrored based on platelet activation markers: αIIbβ3 activation occurs through the 

clot while α-granule exocytosis is primarily found within the inner core region. (Stalker et 

al. 2013) 

It has been well established that PAR signaling plays a significant role in 

thrombosis (Weiss et al. 2002). However, a very complicated relationship exists between 

receptor interactions and their resulting physiological consequences. PAR1 is a high-

affinity thrombin receptor on platelets and the target of the antiplatelet drug vorapaxar 

(Stalker et al. 2013; Friedman et al. 2016). While PAR3 is typically considered as only a 

cofactor of PAR4 activation in mice, knockout of PAR3 demonstrated disruptions in 

hemostasis in vivo (Weiss et al. 2002). PAR inhibition is an active area of research being 
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explored for the prevention or treatment of thrombosis in humans (Holinstat et al. 2006; 

M. Duvernay et al. 2013; Friedman et al. 2016; M. T. Duvernay et al. 2015).  

Regarding the hierarchical organization of a thrombus or clot, thrombin is only 

produced within the core or interior region of a clot, close to the site of injury (Stalker et 

al. 2013). Thrombin is the primary effector protein at the end of the coagulation cascade. 

Studies suggest that thrombin is crucial for initiating thrombus formation and determining 

the core region of a mature thrombus, whereas weaker agonists ADP and thromboxane are 

important for mediating the size of the outer shell (Stalker et al. 2013; Woulfe et al. 2004; 

Sakurai et al. 2015; Versteeg et al. 2013).   

The full dynamics of thrombin platelet activation remain complex and unresolved. 

Platelet activation by thrombin, eliminated by knocking out PAR4 in mouse platelets, has 

been shown unnecessary for the initial accumulation of platelets at or near the vessel wall 

(Jackson 2007; Davì et al. 1994; Kulkarni and Jackson 2004; Vandendries et al. 2007). 

Additionally, limited accumulation of platelets and platelet-independent mechanism(s) 

of thrombin generation are sufficient for normal fibrin deposition (Vandendries et al. 

2007). Further work is necessary to unmask the complex and intricate role of the in vivo 

dynamics of thrombin activation in platelets. 

The ADP receptors expressed on platelets are P2Y1 and P2Y12 as well as the ion 

channel P2X1. P2Y1 is a Gαq-coupled receptor while P2Y12 is a Gαi-coupled receptor. 

Together, these two receptors can also signal through Gα12/13. P2X1 is a ligand-gated Ca2+-

channel that leads to an increase in intracellular Ca2+ once activated.  Although ADP 

activates both P2Y1 and P2Y12 receptors independetly, dual activation is required for full 

ADP-mediated effects (Malyszko et al. 1994). While ADP is able to inhibit cAMP 
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formation through P2Y12 alone, its ability to cause an increase in cytosolic Ca2+, shape 

change, and aggregation is substantially impaired when P2Y1 is blocked. P2Y1 receptors 

have been shown to activate the Rac effector, P21-activated kinase (PAK), but P2Y1 is not 

coupled to Gαi family members (Soulet et al. 2005; Woulfe et al. 2002; Xiang et al. 2012). 

When P2Y12 activation is blocked with antagonists, ADP still elicits shape change and PLC 

activation but is unable to inhibit cAMP formation. However, loss of P2Y12 activation 

impairs normal aggregation in response to ADP (Wihlborg et al. 2004; Tseng et al. 2013; 

Soulet et al. 2005; Woulfe et al. 2002; Ohlmann et al. 2013). 

ADP is stored in platelet dense granules and is released upon platelet activation 

(Packham and Rand 2011). Platelet activation via ADP receptors reaches approximately 

half-maximal activation around 1µM ADP as assessed by shape change, aggregation, TxA2 

production, and release of granule contents (Z. Li et al. 2010). 250,000 platelet /µL contains 

approximately 3-4µM for ADP based on the measurement of serum following platelet 

activation (Packham and Rand 2011). However, the plasma concentration of ADP is very 

low before platelet activation (Malyszko et al. 1994).  

One of the weakest platelet agonists is serotonin (5HT; 5-hydroxytryptamine). 

Serotonin activates the 5HT2A receptor on platelets as well as being sequestered and stored 

primarily in platelet dense granules once it reaches the circulation via the serotonin 

transporter (SERT) (Zeinali et al. 2013; Namkung, Kim, and Park 2015). How serotonin 

fits into the platelet activation hierarchy is not well understood. However, it is clear that 

both ADP and serotonin each independently contribute to myosin light chain 

phosphorylation and platelet shape change (Bismuth-Evenzal et al. 2012a; Joseph E. Aslan 

et al. 2012; Paul, Daniel, and Kunapuli 1999; Tseng et al. 2013; Steiner, Carneiro, and 
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Blakely 2008). As both 5HT2AR and P2Y1 are bound to Gαq, one could reasonably predict 

that the Gαq pathway is crucial of platelet shape change. However, it has been 

demonstrated that platelets lacking the α-subunit of Gαq are still able to undergo shape 

change (Woulfe et al. 2004). This activation pathway results in the phosphorylation of 

MLCK in platelet in a non-Gαq-dependent manner. These findings suggest that alternative 

signaling pathways downstream of Rho/Rho kinase are sufficient to mediate platelet shape 

change (Klages et al. 1999; Offermanns and Offermanns 2013; Glatt et al. 2004). 

Alternatively, novel signaling pathways downstream of 5HT2AR activation could play an 

important component in platelet activation.  

In hemostasis, modulating the growth of the outer shell region determines the 

balance between proper platelet recruitment to a growing thrombus versus over recruitment 

of circulating platelets resulting in vascular occlusion (Stalker et al. 2013; Woulfe et al. 

2004; Woulfe et al. 2002). Because of this, targeting weaker agonists allows for a more 

subtle modulation of platelet activation as compared to thrombin. The growth of the shell 

region is known to be mediated by weak agonists like ADP and TxA2, as shown using in 

vivo imaging methods (Stalker et al. 2013). Therefore, one would predict that serotonin is 

also important for determining the shell size, however this has not be determined. 

Additionally, while serotonin may mediate platelet shape, from filopodia and lamellipodia 

extensions that increase platelet surface area and contact points, it is not clear how this 

process translates to in vivo platelet accumulation (Joseph E. Aslan et al. 2012). Further 

research is required to determine how serotonin modulates platelet activation within the 

context of the platelet agonist hierarchical organization.  
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Platelet shape change 

While they do not have a nucleus, platelets contain other cell organelles and 

microtubules which hold the platelet in a crisp, discoid shape (Agbani et al. 2015; 

Antkowiak et al. 2016). Following platelet activation the shape of the platelet changes 

drastically (Soulet et al. 2005; Kuwahara et al. 2002; Paul, Daniel, and Kunapuli 1999; 

Huang et al. 2007; Z. Li et al. 2010). Platelets have internal membrane invaginations, 

referred to as the open canalicular system (White and Conard 1973). These invaginations 

provide expanded signaling surface that can be used during platelet shape change and 

spreading (Golebiewska and Poole 2014).  

The stages of platelet shape change can be divided into three steps (Figure 4). First, 

platelet rolling on a surface is followed by formation of a firm platelet adhesion on the 

exterior of a growing clot (Kuwahara et al. 2002). Platelet rolling is mediated by the 

glycoprotein IB-IX (GPIb-IX) when it binds immobilized von Willebrand Factor (vWF) 

on the thrombus (Z. Li et al. 2010). Stabilization via αIIbβ3 activation mediates platelet-

platelet adhesions and stabilizes platelet focal adhesions through clustering (Dormond et 

al. 2004; Delaney et al. 2012; J E Aslan and McCarty 2013). Shape change following 

platelet clustering and integrin outside-in signaling occurs through both Ca2+-dependent 

and Ca2+-independent pathways (Paul, Daniel, and Kunapuli 1999). Ca2+ and calmodulin- 

stimulate myosin light chain kinase (MLCK) and p160 Rho-associated coiled-coil-

containing protein kinase- kinase and cofilin (Randriamboavonjy et al. 2012; Irina Pleines 

et al. 2012).  

Agonists such as ADP, TxA2, and serotonin play important roles in enhancing the 

platelet activation and spreading in both a paracrine and autocrine fashion (Z. Li et al. 
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2010). Gαq and Gα13 pathways are imperative to alterations in platelet function involving 

the actin cytoskeleton (Flaumenhaft et al. 2005; Tadokoro et al. 2011; N. T. Thompson, 

Scrutton, and Wallis 1986). Ca2+-dependent activation of myosin light chain kinase 

downstream of Gαq family members and activation of Rho family members downstream 

of Gα13 have a significant implication on platelet shape change and spreading (J E Aslan 

and McCarty 2013; Soulet et al. 2005). Gα-containing domains and GEF domains can link 

Gα12 family members to Rho family members, including p115RhoGEF. Gα12/13 activation 

regulates platelet shape change through linking receptor mediated activation to Rho/Rho-

kinases and myosin light chain phosphorylation (Klages et al. 1999). It has been shown 

that Gα13-dependent Rho activation leads to shape change via pathways that include the 

Rho-activated kinases (p160ROCK) and LIM-kinases (Gohla, Harhammer, and Schultz 

1998). Through these pathways, platelet shape change and spreading occurs and may 

contribute to the retention of platelets at the thrombus surface.  
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Figure 4. Stages of platelet recruitment to a platelet plug. Platelet attachment and 

recruitment to a platelet plug can be divided into three distinct phases. Initial binding to 

the platelet is mediated by binding of integrins including αIIbβ3 and GPIb. The 

accumulation of platelets leads to an increase in clot stability that occurs after clustering 

of integrins creating a signaling complex. Finally, the platelet begins to spreading, 

increasing its surface area and point of contact to the growing clot surface.  

 

Granule exocytosis 

One of the main properties of platelet activation is the exocytosis of dense granules, 

α granules (Figure 5), and lysosomes (Flaumenhaft 2012b; Flaumenhaft et al. 2005; Rendu 

and Brohard-Bohn 2001). In total there are over 300 different components that are released 

following platelet activation (Golebiewska and Poole 2014). Within the α-granules, P-

selectin, fibrinogen, fibronectin, Factor V, Factor VIII, Platelet Factor IV, Platelet-Derived 

Growth Factor (PDGF), and tumor growth factor- α are all found (Palta, Saroa, and Palta 
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2014; Heemskerk, Bevers, and Lindhout 2002). In contrast, the dense granules contain 

adenosine triphosphate (ATP), adenosine diphosphate (ADP), Ca2+, serotonin, histamine, 

and epinephrine (Palta, Saroa, and Palta 2014; Heemskerk, Bevers, and Lindhout 2002). 

The release of these components promotes platelet activation in both an autocrine and 

paracrine fashion. The release of platelet granular contents is both spatially and temporally 

regulated to ensure appropriate platelet responses within the thrombus microenvironment 

(Kuwahara et al. 2002; Stalker et al. 2013; Jackson 2007). 

 

α-granules 

The content of the α-granules are sorted by the megakaryocyte after the proteins 

are synthesized in the endoplasmic reticulum, exported to the Golgi for maturation and 

subsequently, and stored in the trans-Golgi network (Cramer et al. 1989).  This content 

includes both membrane bound proteins that become expressed on the platelet surface and 

soluble proteins that are released into the extracellular space. Some of the membrane-bound 

proteins include integrins as well as immunoglobulin family receptors like GPVI, Fc 

receptors, and PECAM (Maynard et al. 2007; Niiya et al. 1987; P. Nurden et al. 2004). 

Additionally, tetraspanins and other receptors like CD36 ad Glut-3 are found in platelet α-

granules (Maynard et al. 2007; G. Berger et al. 1993; Suzuki et al. 2003). Some proteins 

are only expressed on the surface following α-granule exocytosis, like P-selectin (Maynard 

et al. 2007). In addition to the vast array of membrane proteins, there are also hundreds of 

soluble proteins released by platelets, including vWf (Cramer et al. 1988), coagulation 

factors such as Factor V, XI, XIII, and antithrombin localized with the α-granule (Rendu 

and Brohard-Bohn 2001; Hayward et al. 1995; Kiesselbach and Wagner 1972).  
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α-granule exocytosis is believed to be an irreversible step in platelet activation, and 

these granules are the most abundant within the platelet (Golebiewska and Poole 2014; 

Wolfgang Bergmeier et al. 2002). In order to measure platelet activation, we can examine 

surface binding of the α-granule component P-selectin using an anti-P-selectin antibody 

that is tethered to a fluorescent probe (Wolfgang Bergmeier et al. 2002). P-selectin is a 

surface protein that helps to recruit immune cells to a growing clot and is only expressed 

on the surface of the platelet following α-granule exocytosis.  

Disorders that have reduced or absent α-granules include ARC (arthrogryposis-

Renal Dysfunction- Cholestasis Syndrome) or GPS (Grey Platelet Syndrome) leads to 

significant clotting deficiencies (A. Nurden and Nurden 2011). Both of these granules are 

produced from multivesicular bodies or late endosomes following budding from the 

megakaryocytes (Ambrosio, Boyle, and Di Pietro 2012; Machlus and Italiano 2013).  

 

Dense granules 

Serotonin is found in platelet dense granules along with ADP, histamine, and other 

small molecule platelet activators (Meyers, Holmsen, and Seachord 1982). Experimentally, 

dense granule exocytosis has typically been measured by pre-incubating the platelets with 

radiolabeled serotonin and measuring the release of the radiolabeled serotonin during 

platelet activation (F. Cerrito et al. 1993a; Giuliana Gobbi et al. 2003). ATP release, which 

is also found in dense granules, can also be measured using a fluorescent probe in an 

aggregometer. Very little is known about the context of dense granule release during in 

vivo thrombus formation. Future work is required to localize and clarify the release of dense 
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granule content during different stages of platelet activation. Disorders that have reduced 

or absent dense granules include Hermansky, Pudlak, and Chediak-Higashi Syndromes. 

The localization of the granular factors within the thrombus hierarchical 

organization suggest distinct release triggers of α- and dense granules (Stalker et al. 2013; 

Versteeg et al. 2013; Sakurai et al. 2015). The heirarchical structure occurs based on the 

exposure of the injury site, the diffusion of platelet agonists and the activated enzymes 

produced via the coagulation cascade as well as a flow based mechanical stress that is 

exerted on the clot (Figure 3). For weaker platelet agonists, ADP and TxA2 activation 

modulate the growth of the outer shell region, while stronger platelet agonists like thrombin 

are essential for mediating the initiation and size of the inner core (Stalker et al. 2013). 

These findings could suggest that dense granules are initially released during platelet 

rolling and adhesion or weak agonist activation as compared to α-granule exocytosis which 

occurs only within the inner core. This hypothesis is supported by the differential 

regulation of α- and dense- granule secretion (Flaumenhaft 2012a; Flaumenhaft 2012b; 

Flaumenhaft et al. 2005). However, further work is needed to understand the spatial and 

temporal release of α- versus dense platelet granules.  

Integrin function and activation: Aggregation 

The properties of platelets to bind and form a thrombus was initially described over 

100 years ago (Zahn 1874) . Platelets are recruited and retained to the growing thrombus 

via a process called aggregation. Traditionally, platelet aggregation was considered a 

straightforward process involving the noncovalent bridging of integrin αIIbβ3 receptors on 

the platelet surface with dimeric fibrinogen binding sites (O’Brien 1964; Malyszko et al. 

1994; N. T. Thompson, Scrutton, and Wallis 1986; Jackson 2007). However, this process 
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also involves a number of other factors exposed using microfluidic flow-based studies 

(Kuwahara et al. 2002). These studies have demonstrated novel mechanisms in platelet 

adhesion (mediated by VWF and collagen) as well as platelet aggregation (fibrinogen) 

(Figure 4).  

 

Figure 5. Platelet activation. Platelet activation by release of dense granules can be 

separated into three distinct events and recognized by two standard platelet activation 

markers: JON/A (PAC-1 in humans) that recognize the activate confirmation of the αIIbβ3 

integrin and P-selectin. First, dense granules are released which occurs during early 

stages of platelet activation. Later, α-granule exocytosis occurs leading to the exposure of 

P-selectin onto the platelet surface.  

 

Integrins are a unique family of noncovalently associated α and β transmembrane 

heterodimers that bridge extracellular ligands to intracellular signaling pathways (Bennett, 

Berger, and Billings 2009; Tadokoro et al. 2011; Gibbins 2004; Oliver et al. 2014; Jackson 

2007). Platelets contain five different types of integrins (Table 1). There is a total of three 
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β1 integrins that mediate platelet adhesion to the matrix protein collagen, fibronectin, and 

laminin including α1β1, α2β1, and α7β1 (Clemetson and Clemetson 2001). Additionally, 

there are two β3 integrins, αVβ3, and αIIbβ3 (Bennett, Berger, and Billings 2009). The 

nomenclature for platelets is described in Table 1. Integrins bind to extracellular matrix 

proteins such as collagen, laminin, fibronectin, and fibrinogen and are essential for platelet 

aggregation. 

 

Common name Platelet protein 

composition 

Compos. Ligands Number of surface 

receptors per 

platelet (assuming 

a platelet surface 

expression of 

22.2µm2) 

Collagen 

receptor 

Ia/IIa (VLA-2) α 2 β1 Collagen ~1,000 

Fibrinogen 

receptor 

Ic/IIa (VLA-5) α 5 β 1 Fibronectin ~1,000 

Laminin 

receptor 

Ic/IIa (VLA-6) α 5 β 1 Laminin ~1,000 

Vitronectin 

receptor 

αv/IIIa α v β 3 Vitronectin, 

fibrinogen, von 

Willebrand factor, 

thrombospondin 

~100 

Fibrinogen 

receptor 

GPIIb/IIIa α IIb β 3 Fibrinogen, 

fibronectin, von 

Willebrand factor, 

vitronectin, 

thrombospondin 

~50,000 

 

Table 1. Integrins found on platelets. Listed are all the integrin subtypes found in platelets 

along with their platelet protein composition name, their ligands. Based on the number of 

receptors, there is a vast amount of αIIbβ3 integrin as compared to other subtypes and are 

vital in initiating and propagating platelet activation. Adapted from (Coller 1992). 

 

Integrins undergo two distinct signaling processes: inside-out activation and 

outside-in activation (Tadokoro et al. 2011; Oliver et al. 2014; Z. Li et al. 2010). Inside-
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out signaling refers to the binding of proteins to the intracellular side of the leading to 

phosphorylation of the β-tail region. αIIbβ3 undergoes a conformational switch that 

“opens” the ligand binding pocket. Inside-out signaling requires that intracellular proteins 

bind to the intracellular side of the integrin and initiate a structural rearrangement on the 

extracellular surface. Once the integrin is in the active conformation, it binds the ligand 

and changes conformation to initiate “outside-in” signaling, or signaling that transduced 

following integrin ligand binding. Additionally, force exerted on the integrin based on 

substrate stiffness modulates the outside-in signaling processes (Qiu et al. 2014). While all 

integrins expressed on platelets play a role in platelet function, the αIIbβ3 integrin is the 

highest expressed integrin and is crucial for platelet function (Schaff et al. 2012; Bennett, 

Berger, and Billings 2009; Gibbins 2004).  

Inside-out activation of the integrin is primarily mediated through talin binding to 

the inactive state of the αIIbβ3 integrin on the cytosolic side of the plasma membrane 

(Figure 6).  Platelets attach or adhere to exposed extracellular matrix proteins outside the 

injured vasculature including the basement membrane. The adhesion of platelets is an 

essential function in response to vascular injury that is required for proper plug formation. 

Talin activation of αIIbβ3 is mediated through calpain, Rap1, PIP2 and RIAM binding and 

leads to a separation of the tail regions of the integrin inducing a conformational change 

on the extracellular side of the integrin (Oliver et al. 2014; Legate and Fässler 2009). This 

seperation of the tail regions allows the integrin to bind its ligand, fibrinogen, and initiate 

outside-in signaling that propagates platelet activation (Z. Li et al. 2010; Oliver et al. 2014). 

The platelets integrin ligation mediates thrombus formation and outside in signaling, which 

requires Gα13 (B. Shen et al. 2013).  This activation event allows for the formation of 



27 
 

platelet-platelet connection by bridging fibrinogen between two αIIbβ3 binding sites 

(aggregation) and greatly expands the thrombi. 

There are a number of platelet signaling pathways that are essential for inside-out 

αIIbβ3 activation.  Initiation of Gαq activation leads to phosphoinositide hydrolysis, 

cytosolic Ca2+ increases, and integrin activation (Z. Li et al. 2010). The major defects seen 

in Gαq
 -/- platelets demonstrate the importance of Gαq signaling in integrin activation 

(Simon et al. 1997; Woulfe et al. 2004). However, additional experiments are needed to 

clarify this signaling pathway. Once initiated, the raising Ca2+ concentration in activated 

platelets can trigger integrin activation via the CalDAG-GEF/RAP1/RIAM pathway 

(Woulfe et al. 2002). αIIbβ3 can also be activated via PKC without increasing cytosolic 

Ca2+ (Xiang et al. 2012; Z. Li et al. 2010; Delaney et al. 2012). However, to form the 

strongest and irreversible platelet aggregation require combined activation of all three- 

Gαq, and Gαi, and Gα12/13 G protein families (Simon et al. 1997; Klages et al. 1999).  

To measure platelet inside-out activation on an intact platelet, there are antibodies 

that can be used that recognize the active conformation of αIIbβ3. In human platelets, PAC-

1 can be used to measure αIIbβ3 activation on platelet in suspension (JON/A antibody for 

mouse platelets) (Tadokoro et al. 2011; Wolfgang Bergmeier et al. 2002). The αIIbβ3 

integrin binds to the Arg-Gly-Asp (RGD) sequence of the fibrinogen A α chain. PAC1 was 

designed to recognize the platelet αIIbβ3 in a region that is only exposed following inside-

out activation. Therefore, PAC-1 only measures αIIbβ3 integrin that are in their active 

conformation (Taub et al. 1989). CD41 and CD61 antibodies are also available and 

recognize the αIIb and β3 integrins, respectively. Because αIIbβ3 activation is a critical 
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step in aggregation, measuring the active conformation of the integrin, in addition to 

platelet spreading studies, allows for investigation into platelet aggregation ex vivo. 

Outside-in activation refers to the sequence of protein-protein interactions that 

occur following ligand binding. Proteins that are capable of binding αIIbβ3 and initiating 

signaling following ligand binding include β3-endonexin, CIB1, talin, kindling, myosin, 

Shc, Src (Xiang et al. 2012), Fyn, and SyK (Z. Li et al. 2010; Delaney et al. 2012; Ana 

Marin D Carneiro et al. 2008; Oliver et al. 2014; Legate and Fässler 2009; Bennett, Berger, 

and Billings 2009; Woulfe et al. 2002). Both the inside-out and outside-in activation of the 

integrin is important in mediating full platelet spreading, irreversible aggregation and clot 

retraction (Ono et al. 2008; I. Pleines et al. 2012).  

 

 

 

 



29 
 

 

Figure 6. Integrin activation. There are two distinct part to platelet activation. Initially, 

the integrin undergoes inside-out activation that is caused by the separation of the tail 

regions by binding of talin. The binding of talin and the separation of the integrin legs 

allows for activation of FAK and c-Src which can then be released to exert its action on 

other signaling pathways. Additionally, this intracellular action change the extracellular 

side of the integrin allowing for ligand binding. This process is distinct from outside-in 

activation where the integrin binds to a ligand and initiated a separate set of intracellular 

signaling events. In particular, the accumulation of activate integrins leads to integrin 

clustering and cytoskeletal rearrangement.   
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Extracellular matrix proteins 

There are multiple extracellular matrix proteins involved in platelet activation. 

Some of these include collagen, laminin, vitronectin, fibronectin, and fibrinogen (Table 2). 

Collagen in one of the first extracellular matrix components that the platelet will come in 

contact with following platelet injury (Clemetson and Clemetson 2001; Watson 2009). It 

is considered a relatively strong platelet agonist similar to PAR4-mediated thrombin 

activation (Bynagari-Settipalli et al. 2014). When PAR4 activation is lost, it uncovered 

large effects of GPVI deficiency (Bynagari-Settipalli et al. 2014). This observation implies 

that PAR4 and GPVI modulate platelet function independently, but have partially 

redundant contributions to occlusive thrombus formation in the carotid and hemostatic clot 

formation (Bynagari-Settipalli et al. 2014). At face value, these results suggest 

that thrombin- and collagen-induced platelet activation can play partially redundant roles, 

despite substantial and vast differences in how these agonists are made available to 

platelets.  

Collagen is exposed at the injury site and binds to integrins that are present on the 

platelet surface. Binding of integrin to collagen leads to platelet recruitment to the wound 

site (Alberio et al. 2000; Yoshinaga et al. 1994). Von Willebrand factor (vWF) is also 

exposed with collagen at the injury site, leading to the recruitment and retainment of 

platelets initially following injury (Kuwahara et al. 2002; Delaney et al. 2012; A. Nurden 

and Nurden 2011). vWF is a glycoprotein that is found in the blood plasma. It is produced 

by the endothelium, megakaryocytes, and connective tissue. vWF binds to proteins 

including FVIII, collagen, and the platelet receptor GPIb in order to enhance platelet 

recruitment (Cramer et al. 1989; Weiss et al. 2009). Loss of vWF leads to bleeding 
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disorders and dysregulation of hemostasis (Rayes et al. 2010). Fibronectin may also play a 

significant role in platelet aggregation (Thurlow, Kenneally, and Connellan 1990).  

However, it is thought that fibrinogen is the dominant ligand supporting platelet 

aggregation, principally attributed to its high concentration in plasma relative to other 

αIIbβ3 ligands (Heemskerk, Bevers, and Lindhout 2002). 

Fibrinogen is the major protein that the coagulation cascade cleaves following the 

activation of thrombin. Activation of thrombin leads to the cleavage of fibrinogen to form 

fibrin. The coagulation cascade also activates FXIII, a transglutaminase, that crosslinks 

fibrin (Hummerich et al. 2012; Bennett, Berger, and Billings 2009). The polymerized fibrin 

form a fibrin mesh that stabilizes and strengthens a platelet plug and prevents detachment. 

However, fibrinogen can be found in its free form circulating throughout the plasma (Sentí 

et al. 1998; Cramer et al. 1989). During thrombus formation, fibrinogen becomes entangled 

with the growing shell region of the clot. This is distinct from the inner region where 

thrombin is being produced and cleaves fibrinogen to form fibrin (Figure 3). Therefore 

fibrin is only found within the inner core region of a thrombus, but fibrinogen on the outer 

clot surface can recruit circulating platelets (Stalker et al. 2013). This suggests a 

hierarchical organization within the clot not only applies to agonists but also to 

extracellular matrix proteins. Platelet recruitment to a growing thrombus is based on the 

organization of both extracellular matrix proteins and agonists. Therefore investigating 

platelet function is physiological relevant contexts is crucial.  
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Extracellular matrix 

proteins 

Localization 

Fibrinogen Platelets, plasma 

Fibronectin Platelets, plasma, endothelial basement membrane (BM), 

adventitum, smooth muscle cells, interstitium 

Thrombospondin Platelets 

Vitronectin Plasma 

vWF Platelets, plasma, endothelial BM 

Laminins Endothelial BM 

Type IV collagen Endothelial BM 

Fibrillar collagens Adventitium, interstitium 

Other collagens Adventitium, smooth muscles, interstitium 

 

Table 2. Extracellular matrix proteins in the circulation system. (W. Bergmeier and 

Hynes 2012). There are many extracellular matrix proteins that play an important role in 

platelet function. The extracellular ligands and there localization in the hemostasis process 

is noted.  
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Serotonergic signaling in platelets 

 

 

Serotonin and the cardiovascular system 

Serotonin was first discovered in the periphery for its ability to increase vascular 

tone (“ser (serum) tone (tone)”) (Haddy, Gordon, and Emanuel 1959). However, since that 

time much research as concentrated on its role as a neurochemical transmitter that 

modulates neuronal processes including mood, sleep, and appetite (Best, Nijhout, and Reed 

2010). In the periphery, serotonin is secreted from the enterochromaffin (EC) cells in the 

gastrointestinal tract (Dalglesh anf Dutton 1957). Once released into the plasma, serotonin 

is quickly taken up by platelets via the serotonin transporter (SERT) (Beikmann et al. 

2013). When platelets become activated, they release serotonin and other factors (Bismuth-

Evenzal et al. 2012a; Hara et al. 2011; Przyklenk et al. 2010a). The release of serotonin 

can alter the vascular tone, potentiate the blood clot growth through platelet amplification, 

and may play a role in coagulation (F. Cerrito et al. 1993a; Cloutier et al. 2012; Watts, 

Priestley, and Thompson 2009a; Hummerich and Schloss 2010). Below, the role of 

serotonin in the cardiovascular system will be explored.  

 

Production and modulation of peripheral serotonin 

EC cells are an enteroendocrine and neuroendocrine cell that lines both the lumen 

and the respiratory tract (Zeinali et al. 2013). Within the gastrointestinal tract, the EC cells 

are found in the stomach, small bowel and colon. These cells function is to produce 

serotonin by the rate-limiting enzyme tryptophan hydroxylase-1 (TPH-1) (Figure 7) (Dees 

et al. 2011; Dürk et al. 2013). There are two different TPH isoforms found in the body. 

One isoform is centrally located (TPH-2) while one is peripherally located (TPH-1) 
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(Amireault, Sibon, and Côté 2013). Serotonin is released in response to chemical, 

mechanical or pathological stimuli within the lumen of the gut (Rios-Avila et al. 2013). 

The release of serotonin leads to peristaltic reflexes and activate vagal afferents that are 

downstream of 5HT3 receptors signal to the brain leads to nausea via enteric neurons 

impulses (S. M. Stahl et al. 2013; M. Berger, Gray, and Roth 2009; Sherwin et al. 1986).  

 The serotonin produced by EC cells requires dietary tryptophan to be taken up by 

the amine transporters in the gut lumen (Figure 8) (Rios-Avila et al. 2013; Keszthelyi, 

Troost, and Masclee 2009). Tryptophan is then metabolized by the action of TPH -1 leading 

to the production of 5-hydroxy-L-tryptophan (5HTP) (Racke et al. 1996). The second step 

catalyzed by L-amino acid decarboxylase, which is also present in EC cells, produces 

serotonin. In EC cells, serotonin is packaged into granules via the vesicular monoamine 

transporter 1 (VMAT-1) and is then released on both the apical and basal end of the EC 

cell(Höltje, Winter, Walther, et al. 2003; Zeinali et al. 2013; Racke et al. 1996).  
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Figure 7. Serotonin production and metabolism. Shown is the sequence of tryptophan 

conversion to serotonin with enzymes and structure.  

 

While further work is needed to clarify how serotonin enters the cardiovascular 

system, it is clear that platelets are the major storage site of serotonin within the blood (M. 

Berger, Gray, and Roth 2009; Apelseth, Nepstad, and Hervig 2012; Ziu et al. 2012; Hara 

et al. 2011; Dees et al. 2011). Serotonin that is not stored in platelets is quickly metabolized 

by the monoamine oxidase A (MAO-A) enzymes found in the liver (Figure 8) (Mészáros 

et al. 1998; Jernej et al. 2002). The liver is able to metabolize serotonin with extraordinary 

efficiency (Kim et al. 2005; Moore and Eiseman 2016). The initial step in serotonin 

metabolism is the decarboxylation by the enzyme L-aromatic amino acid decarboxylase. 

The majority of serotonin metabolism occurs through monoamine oxidase (MAO) (Figure 

7). MAO-A is more selective for serotonin oxidation and metabolizes serotonin at a much 
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lower Km than MAO-B (Mészáros et al. 1998; Jernej et al. 2002; M. a Fox et al. 2007).  

However, platelets do express MAO-B in the portions of mitochondria that are within the 

platelet cell fragments (Mészáros et al. 1998).  Therefore, the vast majority of serotonin 

measured in whole blood comes from the granular serotonin content found in platelets. 

This will be discussed in detail within the plasma section below.  

 

 

Figure 8. Serotonin in the blood. Tryptophan is taken up via dietary input. The gut 

microbiota does metabolize some of the tryptophan from digestion that limits the amount 

of available tryptophan available for uptake. Once tryptophan is taken up by the 

enterochromaffin cells in the gastrointestinal tract, it is converted to serotonin as 

demonstrated enzymatically in Figure 7. Serotonin is then stored in granules where it is 

released and finds its way into the circulation. Once in the blood it is primarily stored in 

platelets. If serotonin remains in the plasma, it is quickly degraded by MAO-A liver 

metabolism.  
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Cardiovascular function 

The role of serotonin to induce vascular tone was initially described in the 1960s 

(Rapport and Virno 1952). Serotonin is also thought to play a major role in pathologies 

related to hypertension and cardiovascular disease (Hervé et al. 1995; Fraer and Kilic 2015; 

Brenner et al. 2007). The vasculature comes in contact with serotonin following release 

from platelets in both a pathological context and in normal hemostasis. Activated platelets 

release serotonin in substantial quantities causing vasoconstriction and recurrent 

aggregation of platelets (Dees et al. 2011; Heistad, Harrison, and Armstrong 1987; Watts, 

Priestley, and Thompson 2009b). Serotonin can also act as a growth factor leading to 

mitogenesis and migration of arterial smooth muscle cells (Dees et al. 2011). Serotonin 

promotes proliferation of vascular endothelial cells and directs endothelial injury in cell 

culture (Koba et al. 1999; Göoz et al. 2006). Physiologically, some studies suggest that 

serotonin is associated with coronary artery disease and the extent of the disease (Sanner, 

Frazier, and Udtha 2013). Serotonin can also lead to vascular permeability (Cloutier et al. 

2012; Y. Li et al. 2016). While serotonin's ability to regulate vascular tone has been well 

established, serotonin can also potentially regulate plasma factors and platelets important 

for hemostasis.  

 

Plasma serotonin 

Serotonin, after it is synthesized in the EC cells in the GI tract, it is released into 

the plasma. The platelet serotonin represents the richest reservoir of peripheral serotonin 

(Beikmann et al. 2013; Toh 1956). However, it is only the extracellular or plasma serotonin 

that is able to signal to receptors. Extracellular or plasma levels of serotonin in virtually 
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absent are the plasma during non-platelet activating conditions, although this point remains 

controversial (Brand and Anderson 2011; G. M. Anderson and Cook 2016b).   

Typically,  serotonin in the plasma is around 100-200pg/mL while whole blood 

levels of serotonin are approximately 150ng/mL in healthy human samples, suggesting 

nearly a 1000-fold greater sequestration of serotonin in the platelet as compared to platelet 

poor plasma (G. M. Anderson and Cook 2016a; G. M. Anderson 2007). However, a wide 

range of values have been reported. Some have reported values in the 10-20ng/mL range 

(Bijl et al. 2015). The inconstancies seen in plasma levels, which may be derived from 

platelet and plasma purification techniques (Brand and Anderson 2011; G. M. Anderson 

2007; G. M. Anderson and Cook 2016a).  

 

Platelet function and serotonin 

Acutely, serotonin can either act through the 5HT2A receptors (5HT2AR) or be taken 

up by the SERT. The acute uptake by SERT is distinct from the chronic loss of transporter 

function, which leads to loss of serotonergic tone. Chronic uptake by SERT is important in 

managing the extracellular versus intracellular (granular) serotonin concentration, and 

therefore serotonin hemostasis. When SERT is chronically blocked, serotonin whole blood 

levels are lost because serotonin metabolism is extremely efficient (Apelseth, Nepstad, and 

Hervig 2012; Malyszko et al. 1994; M. Berger, Gray, and Roth 2009). The acute action of 

SERT is suspected to play a role in platelet function (Ziu et al. 2012; Beikmann et al. 2013; 

Singh et al. 2013).  Finally, activation of the 5HT2A receptor, which is the only serotonergic 

receptor found on platelets, may also play a role in platelet function and activation(Miller, 

Mariano, and Cruz 1997; Przyklenk et al. 2010a; F. Cerrito et al. 1993a).  
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Aggregation and platelet serotonin 

The effects of serotonin on platelet aggregation was initially recognized as early as 

the 1960’s. In an article published by J.R. Obrien in 1964 in the Journal of Clinical 

Pathology entitled “A comparison of platelet aggregation produced by seven compounds 

and a comparison of their inhibitors”, it was shown that “anti-serotonin” drugs were able 

to rescue the aggregation effects mediated by serotonin (O’Brien 1964). In this paper, they 

suggest that the administration of 50nM serotonin lead to minimal aggregation that was 

also reversible (O’Brien 1964). However, at 500nM-50µM more aggregation occurs in 

response to serotonin (O’Brien 1964). As compared to another agonist, serotonin was 

unique in that concentration of serotonin higher than 50µM lead to a reduced effect on 

platelet aggregation as compared to lower concentrations. This suggests a biphasic 

relationship between activation of serotonin and aggregation.  It is important to note that 

all aggregation mediated by serotonin was relatively minor as compared to other agonists 

(O’Brien 1964).  

One of the most interesting aspects of this study submits that a second 

administration of serotonin added either two minutes or thirty minutes post initial 

activation produced no additional activation response (O’Brien 1964). This would suggest 

that the mechanism by which serotonin initiated aggregation undergoes desensitization.  If 

this were receptors, this would indicate that the initial administration of serotonin is able 

to cause desensitization of the receptor by preventing further signaling downstream of 

receptor activation or internalization of the receptor.  

Initial aggregation-mediating effects of serotonin were reported by Mitchell and 

Sharp et al. 1964. In 1986, in order to determine how platelets contribute to occlusive 
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coronary artery thrombosis, a study performed by Benedict et al. examined in vivo 

thrombus formation in the coronary arteries of dogs (Benedict et al. 1986). They found that 

plasma serotonin levels significantly increased when flow current was reduced and was the 

highest immediate prior to full occlusion of the artery. These studies demonstrate that 

platelet aggregation is a significant factor in the evolution of occlusive coronary thrombosis 

and that serotonin is released during clot formation.  

 

A crossroads between cardiovascular function and depression  

Approximately 14.8 million American adults or about 6.7 percent of the U.S. 

population age 18 and older are diagnosed with Major Depressive Disorder (Lichtman et 

al. 2014). Importantly, depression increases the risk for CVD two-fold, potentially by 

contributing to thrombotic risk via increased platelet activity (Goldstein et al. 2015b; 

Musselman, Evans, and Nemeroff 1998; Frasure-Smith and Lespérance). Understanding 

the implication of serotonergic dysregulation, derived from depression treatments, within 

the CVS is imperative. Because over  90% of whole blood serotonin is stored within 

platelets, modulation of serotonin in platelets may have a consequence on  thrombotic risk 

in depressed patients (Beikmann et al. 2013).  

Current pharmacological therapies for the treatment of diseases, such as heart 

disease and stroke, often involve the use of sub-optimal drugs that do not reflect current 

scientific understanding of pathology. For example, some anti-platelet drugs do not 

sufficiently attenuate platelet activation while others can have a late onset and long 

durations of action leading to increased bleeding risk (Harrison et al. 2007). Anti-platelet 

therapeutics are used to treat a number of coronary diseases related to arterial thrombosis 
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including myocardial infarction, cerebral infarction and pulmonary embolism (Bismuth-

Evenzal et al. 2012b). Therapeutic interventions have primarily targeted molecular 

interactions at the platelet membrane to impair aggregation including targeting the primary 

platelet integrin αIIbβ3 (GPIIbIIIa) (Gibbins 2004). Building our knowledge of this 

pathway could lead to novel targets or strategies for antiplatelet therapies in addition to 

altering clinical practices involving antidepressant prescriptions.  

 

Drugs that alter serotonin and their consequences on hemostasis 

Some have reported that platelet serotonin levels are decreased in patients with 

depression, however these results are very controversial (Greenberg et al. 1999; Maurer-

Spurej, Pittendreigh, and Solomons 2004; Hara et al. 2011). SSRI treatment reduces blood 

serotonin significantly (Sherwin et al. 1986; Serebruany et al. 2003; Maurer-Spurej, 

Pittendreigh, and Solomons 2004). MAOI antidepressant treatment began in 1957 when 

iproniazid (Marsilid), introduced initially for the treatment of tuberculosis, was found to 

have pronounced euphoric effects that led to its use in the treatment of psychological 

depression (M. a Fox et al. 2007; F Artigas et al. 1996). However, there were many issues 

with MAOI treatment including multiple drug and dietary interactions. Many of the adverse 

reactions to MAOIs come from the development of serotonin syndrome that occurs due to 

increased serotonin signaling within the periphery (Gillman 2006). Serotonin syndrome, or 

serotonin toxicity, results as a consequence of excess serotonergic activity (Gillman 2006; 

M. a Fox et al. 2007).  

Interestingly, platelets primarily contain MAO-B (5% MAO-A: 95% MAO-B), 

which has poor specificity to serotonin as compared to MAO-A (Mészáros et al. 1998). 
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Therefore, most degradation of serotonin in the periphery occurs through liver metabolism 

(55% MAO-A: 45% MAO-B). Most antidepressants and anxiolytics drugs target MAO-A, 

but novel drugs targeting MAO-B are currently being developed for Parkinson’s disease 

and Alzheimer’s disease. The effect of MAOIs on the periphery are distinctly opposed to 

the effects seen with SSRI treatment, because they actually increase platelet serotonin 

levels (Blazevic et al. 2015a). 

SSRIs are the most commonly prescribed treatment for depression and are known 

to be well tolerated (Paraskevaidis et al. 2012). SSRIs have been shown to cause a bleeding 

phenotype through decreased aggregation of platelets stimulated with a number of platelet 

agonists (Kimmel et al. 2011; Apelseth, Nepstad, and Hervig 2012). This suggests a role 

for serotonin in the periphery and within primary hemostasis. There are multiple 

mechanisms by which serotonin regulates platelet function (Apelseth, Nepstad, and Hervig 

2012; Diego J Walther et al. 2003; Guilluy et al. 2009).  

The second role for serotonin in platelet function occurs through uptake by SERT 

(Ana Marin D Carneiro and Blakely 2006; Steiner, Carneiro, and Blakely 2008; Ahmed et 

al. 2008; Kimmel et al. 2011). After being transported into the platelet, serotonin has three 

main conduits. Serotonin can be repackaged into granules by vesicular monoamine 

transporter (VMAT), degraded by monoamine oxidase (MAO) or used as a substrate for 

serotonylation by transglutaminase (TGase) (Griffin, Casadio, and Bergamini 2002).  

In order to better understand these mechanisms of serotonin in the periphery, a 

deeper understanding of the effects of SSRI and the role of serotonin in platelet function is 

required. The mechanisms by which SSRIs effects in the periphery, in terms of sustained 

versus acute inhibition of SERT, is needed to inform clinical discussion of depression 
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medication treatments. The current dissertation investigates the role of serotonin in platelet 

function by using both genetic and pharmacological models of acute and chronic inhibition 

of SERT. These studies will elucidate the novel implication of lost SERT function on 

platelet activation.  
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Dissertation overview 

This dissertation explores the role of serotonin in modulating platelet activation. 

Within the introduction, I have discussed a foundational framework for the physiological 

role of platelets. The presence of serotonin within the platelet has been known for quite 

some time, but this body of work will shed new light on how serotonin modulates platelet 

activation within a physiologically relevant model of thrombus formation (Figure 3). The 

introduction has discussed some of the clinical relevance of serotonin function in vivo and 

suggests clinically relevant implications for serotonergic signaling in cardiovascular 

diseases. Chapter 2 discusses the techniques that were used to explore platelet function and 

signaling, expanding the technical foundation of platelet biology and pharmacology.  

In chapters 3 through 5, I have separated the body of my work into three discrete 

sections. In chapter 3, I discuss the major gatekeeper of serotonin homeostasis, SERT. I 

will give a background on SERT and the role it plays in platelet function.  Then I will 

discuss experiments that assess the outcomes of acute loss of SERT function in platelet 

biology via inhibition with SSRIs. Finally, I discuss these findings in relations to previously 

published reports and propose alternative mechanisms by which acutely altered SERT 

function may modulate platelet reactivity.  

In chapter 4, I discuss in greater detail an equally important modulator of serotonin 

function, 5HT2AR, the only serotonergic receptor found on platelets. I introduce serotonin 

signaling via receptors and discuss the previous findings that link 5HT2AR activation with 

ex vivo and in vivo platelet reactivity. I establish that 5HT2AR activation is required for full 

ADP-mediated αIIbβ3 activation. I also relate that sustained loss of SERT leads to altered 

serotonin homeostasis paralleling disrupted surface 5HT2AR levels on platelets. Finally, I 
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test the functional consequences of 5HT2AR activation on platelet spreading. These 

findings lead to a provocative discussion on 5HT2AR function in platelets and its 

phenotypic and hemostatic implications.  

Finally, in chapter 5, I explore the opposing situation were alterations in αIIbβ3 

function change serotonergic tone in the blood. I expand on the dynamic relationship 

between SERT and αIIbβ3 that has previously been established (Mazalouskas et al. 2015; 

Ana Marin D Carneiro et al. 2008). I examine this relationship in the context of a 

hyperactive αIIbβ3 polymorphism, Pro32Pro33. The functional consequences and 

mechanism of the Pro32Pro33 mutation is  described (Oliver et al. 2014). Finally, I explore 

the serotonergic signaling conditions in the Pro32Pro33 mouse model and find that not 

only is this model hyperserotonergic, but that sustained loss of SERT function is able to 

rescue the hyperactive αIIbβ3 phenotype.  

In total, this dissertation explores novel implications of serotonergic signaling in 

platelet function. Furthermore, I have expanded on the biological role of serotonin in the 

platelet and provide preliminary steps towards a serotonin homeostasis model. The model 

takes a systems biology approach employing pharmacokinetics and pharmacokinetic 

knowledge of serotonin metabolism and regulation in the periphery. Through this 

dissertation, I have explored the implications of modulating serotonin homeostasis on 

platelet function offering unique, intriguing opportunity to probe serotonin signaling in an 

innovative, but physiologically relevant, context.   
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CHAPTER 2 

MATERIALS AND METHODS 

Materials. 

Reagents 

For these studies, thrombin was purchased from Chronolog (Haventown, PA). 

Sterile saline, ADP, fibrinogen, ketanserin, 1-[2, 5-dimethoxy-4-iodophenyl]-2- 

aminopropane (DOI), and citalopram were purchased from Sigma-Aldrich (St. Louis, 

MO). PAR4-activating peptide (PAR4-AP; AYPGKF) was acquired from GL Biochem 

(Shanghai, China). Flow cytometry antibodies anti–activated αIIbβ3 (JON/A-FITC) and 

anti–P-selectin–PE antibodies from EMFRET Analytics & Co. (KG, Würzburg, Germany).  

Antibodies that were used in this study include Anti-serotonin transporter made in 

gp (Frontier), GAPDH antibody as well as others. Secondary antibodies that were used for 

detection include Goat anti-mouse-Cy2; goat anti-rabbit-Cy3; and mouse anti-rabbit and 

goat anti-mouse and rat anti-gp, all conjugated to horseradish peroxidase were purchased 

from Jackson ImmunoResearch Laboratories, Inc. (West Grove, PA). Staining antibodies 

Concanavalin A (Con A) conjugated to Alexa Flour 594 was purchased from Thermo 

Fisher Scientific (Grand Island, NY). Finally, radioactive isotopes 3Hketanserin, 

3Hserotonin, and 35SGTPyS were purchased through (Perkin Elmer). 

 

Buffers 

One of the most important buffers that were used in these experiments was 

Tyrode’s-HEPES buffer. This solution is used to keep the platelets in a solution that is 

roughly isotonic or the same osmotic potential, with intestinal fluid. Tyrode’s is very 
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similar to other buffers such as the Ring’s buffer, but also contain magnesium, sugar and 

uses bicarbonate and phosphate to buffer the solution. In this section, I will describe the 

components of the buffer and its importance within platelet functional assays.  

 

Tyrode’s Buffer 

Sodium bicarbonate (NaHCO3) is used to buffer the solution at an 11.9 mM 

concentration in Tyrode’s Buffer. Sodium bicarbonate is found dissolved in many mineral 

springs and can be utilized as a food additive. Its role in the Tyrode’s solution is to balance 

the pH. It is an amphoteric compound, meaning that it reacts with both acids and bases. 

Sodium bicarbonate reacts violently with acids, increasing the CO2 gas as the reaction 

product. In cases of respiratory acidosis, the infused bicarbonate ion drives the carbonic 

acid/bicarbonate buffer of plasma to the left and raises the pH to a normal physiological 

pH of 7.4. It is for this reason that sodium bicarbonate is used in medically supervised 

cardiopulmonary resuscitation. Infusion of bicarbonate is indicated when the blood pH is 

markedly (<7.1–7.0) low. 

 To make Tyrode’s buffer we also use 10 mM HEPES as a buffering agent. HEPES 

or 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid is good at maintaining 

physiological pH despite changes in carbon dioxide concentrations. The dissociation of 

water decreases with falling temperature and the dissociation constant (pK) of many other 

buffers do not change much with temperature. HEPES is like water in that its dissociation 

decreases as the temperature decreases. This makes HEPES a more efficient buffering 

agent for maintaining enzyme structure and function at low temperatures. The final solution 

is brought to a pH of 7.4, or physiological relevance, using NaOH.  
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127.2 mM sodium chloride (salt, NaCl) is added to Tyrode’s Buffer. NaCl is 

common salt, and its concentration in a fluid is described as the fluids salinity. This is a 

critical property for many biological systems because of its role in many processes such as 

nerve impulses, heart activity, metabolic function, electrolyte balance, and fluid balance. 

Too much or too little salt can lead to a various effect on a person physiologically including 

muscle cramps, dizziness, electrolyte distributed neurological function or death. For 

humans, the minimum physiological requirement for sodium is 500 milligrams/day. 

Normal levels are between 135-145mmol/L. anything less than 135mmol/L is considered 

hyponatremia. A sterile solution of NaCl called saline, are typically used for intravenous 

infusion, rinsing contact lenses, nasal irrigation, and cleaning a news piercing. Saline 

solutions are also used in cell biology, molecular biology, and biochemistry experiments. 

Normal saline (NSS, NS or N/S) is the commonly used phrase for a solution of 0.90% w/v 

of NaCl, 308 mOsm/L or 9.0g per liter.  

5 mM potassium chloride (KCl) is also a component of Tyrode’s buffer and is used 

in medicine, scientific applications, and food processing. Interestingly, it is also used to 

cause cardiac arrest as the third drug for executions by lethal injection. Potassium is vital 

in the human body, and oral potassium chloride is the common means to replenish it, 

although it can also be diluted and given intravenously. Medically, it is used in the 

treatment of hypokalemia and associated conditions as an electrolyte replenisher. Brand 

names include K-Dur, Klor-Con, Micro-K, Slow-K, Sando-K and Kaon Cl, most of which 

are extended release oral medicines. Oral and intravenous doses for adults are typically in 

the range of 8 to 20 mEq, which is 600 to 1500 mg of KCl. Side effects can include 

gastrointestinal discomfort, including nausea and vomiting, diarrhea, and bleeding of the 
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digestive tract. Overdoses cause hyperkalemia, which can lead to paresthesia, cardiac 

conduction blocks, fibrillation, arrhythmias, and sclerosis 

Sodium phosphate monobasic (0.4 mM for Tyrode’s Buffer), also called anhydrous 

monobasic sodium phosphate and sodium dihydrogen phosphate, is an inorganic 

compound of sodium with dihydrogen phosphate (H2PO4−) anion. Phosphate is one of the 

most abundant minerals in the body, and its serum levels are regulated by a complex set of 

processes occurring in the intestine, skeleton, and kidneys. The currently known central 

regulators of phosphate homeostasis include parathyroid hormone (PTH), calcitriol, and a 

number of peptides collectively referred to as the “phosphatonins” of which fibroblast 

growth factor-23 (FGF-23) has been best defined. Maintenance of extracellular and 

intracellular phosphate levels within a narrow range is necessary for many biological 

processes, including energy metabolism, cell signaling, and regulation of protein synthesis, 

skeletal development, and bone integrity. 

Magnesium chloride hexahydrate (MgCl2: 1 mM for Tyrode’s Buffer) is an 

essential element in biological systems. Magnesium appears typically as the Mg2+ ion. It is 

an essential mineral nutrient (i.e., element) for life and is present in every cell type in every 

organism. For example, ATP (adenosine triphosphate), the primary source of energy in 

cells, must be bound to a magnesium ion in order to be biologically active. What is called 

ATP is often actually Mg-ATP. As such, magnesium plays a role in the stability of all 

polyphosphate compounds in the cells, including those associated with the synthesis of 

DNA and RNA as well as other essential protein functions. Over 300 enzymes require the 

presence of magnesium ions for their catalytic action, including all enzymes utilizing or 

synthesizing ATP, or those that use other nucleotides to synthesize DNA and RNA.  
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Magnesium also plays an important for in integrin function, one of the primary 

receptors discussed in this dissertation. Increasing magnesium ion concentration increases 

cell migration, one major phenotype of integrin function, on type IV collagen in melanoma 

cells (Yoshinaga et al. 1994). This effect is also observed with calcium. However, when 

calcium is added to the magnesium the calcium actually inhibits the increased migrations 

seen in cancer cells. Additionally, it is important to note that manganese activates integrin 

leading to maturation and integrin clustering (Dormond et al. 2004).  Manganese chloride 

(MnCl) can be used to induce integrin activation. 

Finally, 5 mM d-glucose is used which is a simple monosaccharide sugar that serves 

as the primary source of energy and as an important metabolic substrate for most living 

things. Its chemical formula is C6H12O6. Glucose is a hexose sugar since it contains six 

carbon atoms, one of which is part of an aldehyde group, hence, is referred to as an 

aldohexose. Glucose serves as an important metabolic intermediate of cellular respiration. 

In animals, an excess of glucose is stored as glycogen. 

 

Methods 

Animals and Housing. 

All mice were group housed (2-5 per cage) in temperature- and humidity-controlled 

conditions under a 12-hour light/dark cycle with food and water available ad libitum. All 

studies were performed in accordance with humane guidelines established by the 

Vanderbilt Institutional Animal Care and Use Committee under an approved protocol. 

Age- and sex-matched mice were used in all experiments (8–25 weeks of age). The colony 

manager determined experimental cohorts, and experimenters were blinded to the 
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genotypes. All experiments were run with either wild-type (SERT+/+), SERT-/-, β-arrestin 

2 KO mice, or Pro32Pro33 (KI) homozygous mice of both sexes. Littermate matched M172 

and I172 mice were used.  

 

Administration of citalopram. 

Water treatment 

Citalopram-treated drinking water was prepared based on average weight of the 

mice and an average consumption of approximately 7mL/day/mouse for a dosing of 

15mg/kg/day. Citalopram-prepared water was added to a water dispenser and mice were 

given full access to either control or citalopram-treated water. After 6-days, mice were 

euthanized, and experiments were performed as indicated in the methods section.   

IP-injection of citalopram 

In a single study, to understand the effects of citalopram over time, IP-injection of 

citalopram were given based on a body weight injections (200µL for a 20g mouse). Mice 

were given the injections at the same time daily for a total dose of 15mg/kg/day.  

 

Tail Bleed. 

Experiments were carried out as previously described (Oliver et al. 2014). Briefly, 

mice were maintained under anesthesia (2% isoflurane and 1ml/min oxygen; JD Medical 

Distributing Co., Inc., Phoenix, AZ), and a transverse incision was made with a scalpel 

over a lateral vein. The tail was immersed in normal saline (37°C) in a hand-held test tube. 

The time from the incision to the cessation of bleeding beyond 30 seconds was recorded as 
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the bleeding time. Maximum time allowed for to cessation of bleeding was 6 minutes 

before manually stopping the bleeding.  

 

Blood collection. 

In vitro, platelet manipulation could pre-activate the platelet before 

experimentation. Therefore, we spent a significant amount of time optimizing our platelet 

isolation technique and validating that the platelets are in a basal state before 

experimentation. The overall amount of blood in an averaged size mouse (~25g) is ~1.8mL. 

The small size of the mouse leads to a higher risk of platelet activation during blood draws. 

There are many options for blood collection techniques while the mouse is under 

anesthesia.  Based on a review of mouse platelet activation techniques, parenteral 

anesthesia has been reported to decrease platelet aggregation and inhibit the release 

reaction in both humans and animals. We decided to use isoflurane as the effect is 

considered negligible on platelets in most species (JIROUSKOVA, SHET, and JOHNSON 

2007). We also used cardiac puncture with a 25-gauge needle/1-ml syringe containing 

sodium citrate 3.8%. The size of the needle and the anticoagulant, which chelates calcium 

to prevent platelet activation, are optimal for purifying platelets. Cardiac puncture allows 

for increased blood for experimentation as compared to alternative procedures. 

Additionally, we saw no difference between thrombin clotting time from blood collected 

via cardiac puncture versus vena cava collection, suggesting that this method is suitable 

for mouse whole blood collection and platelet purification.  

To isolate the platelets, we use gel-filtered platelet preparation. One alternative 

approach to isolating platelets is to use washed platelet prep. There were no differences 
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observed in platelet activation between platelets prepared using gel-filtration and washed 

platelets (data not shown). Whole blood was diluted 1:1 in Tyrode’s buffer and was layered 

onto 2 ml of Fico/Lite (Atlanta Biologicals, Inc., Lawrenceville, GA) and spun for 15 

minutes at 350g to isolate platelets from other blood cells. We also use three other anti-

platelet activation agents during our purification; ACD, an additional calcium chelator; 

apyrase, an enzyme that degrades ADP to prevent premature ADP activation during 

preparations; and PGE1, which stimulates adenyl cyclase activity in platelets and increases 

cyclic AMP concentrations.  One of the most standard methods for measuring platelet 

activation is through the activation of integrin αIIbβ3. We compared baseline αIIbβ3 

activation (via JON/A binding) in the non-stimulated condition and found that when 

activated, even with weak agonists such as ADP, there was a considerable increase in 

αIIbβ3 activation. Shown below is the concentration-response curve in wild-type platelets. 

If the platelets that we isolated were pre-activated, we would not be able to measure the 

relatively weak activation of the platelets with ADP. Basal JON/A and P-selectin binding 

are shown in most experiments to validate the baseline resting state of the platelets. Using 

baseline JON/A and P-selectin binding as internal controls as well as observing a 

concentration-dependent activation by both weak and strong agonists (Figure 9) we believe 

that our techniques are suitable for isolating platelets in the basal state before stimulation.  

 

Alternative blood drawing techniques 

Blood can be collected via a variety of different methods. This includes the retro-

orbital venous plexus, the heart, the inferior vena cava, the jugular vein, the carotid artery, 

tail, or lateral saphenous vein. A collection of blood from the retro-orbital venous plexus 
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requires venipuncture with a ~1.5cm long glass capillary tube that may be coated with an 

anticoagulant. This will yield approximately ~0.5mL of blood. This is not suggested for 

platelet studying purposes because the glass can lead to platelet activation via the positive 

charge on the class and the interaction with phosphatidic serine lipid on the platelet surface.  

A single milliliter of blood can be obtained from the mouse using cardiac 

puncture.  The pitfalls of this approach are that the process is terminal, and tearing of the 

tissue factor-rich heart muscle during blood collection can cause thrombus formation and 

tissue activation. In order to perform a blood collection from the inferior vena cava, the 

surgical exposure of the inferior vena cava is required, a needle (22-27 gauge) is inserted 

into the widest part of the vessel. As much as 1.2mL of blood can be collected using this 

technique. However, in our lab typically 100-400µL is standard. Platelet collection via 

the inferior vena cava puncture most likely leads to least amount of platelet activation. A 

minuscule amount of blood can be obtained from the tail vein by either amputation of 

0.5-1mm of the tailor by making a horizontal incision in the tail vein.  

 

Platelet purification. 

Platelets can be purified using two different methods. First, gel filtration of platelets 

from whole blood can be employed following blood isolation into sodium citrate 3.8% via 

cardiac puncture extraction (Figure 9). The whole blood is then diluted 1:1 with Tyrode’s 

buffer. It is then layered onto either Fico/lite gradient gel or AccuPrep gel that separates 

the blood components based on size. The separation occurs during a 350g spin for 15 

minutes where the platelet rich layer is formed within the gel. The platelet layer is then 

removed and placed in a new tube. ACD and apyrase are added to the new tube, and the 
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samples are diluted 1:5 in Tyrode’s buffer. The platelets are allowed to rest for 10 minutes 

before the second spin occurs. During the second spin which is done at 1000g for 10 

minutes, and then spun down to form a pellet. This pellet is then resuspended in Tyrode’s 

buffer without ACD or apyrase. Platelets are then counted using a coulter counter.  

An alternative method of platelet purification is centrifugation. This approach that 

has been used for human platelet studies have also been adapted for mouse purification. 

The most common method used to isolate platelets is through the preparation of platelet 

rich plasma (PRP), which can be centrifuged to obtain yield platelet pure fraction through 

separation by gel filtration. Anticoagulated blood is centrifuged at 200 g for 20 min, and 

the upper 2/3 of platelet-rich plasma removed by aspiration. The 1/10th volume of 

anticoagulant was added and platelets pelleted at 1,100g for 10 min. The platelets were 

washed by the addition of 1 mL Tyrode’s buffer with anticoagulant and centrifuged at 

1,100 g for 10 min. The platelets were resuspended in Tyrode’s buffer with 1mM CaCl2 

immediately prior to experimentation. However, for all studies, gel-filtered platelets were 

used.  

 

Whole-Blood Clotting Time. 

Whole blood (90 μl) was added to a single well containing a small metal bead in 

the presence of 10 μl of CaCl2 (16.4 mM), and the number of seconds to interruption of the 

small magnetic bead movement was recorded (Diagnostica Stago, Parsippany, NJ). 

 



56 
 

 

Figure 9. Platelet thrombin and ADP activation on purified platelets. To ascertain if the 

platelet purification and activation methods was viable, platelets were isolated and 

activated with either the strong platelet agonist, thrombin, or the weak platelet agonist, 

ADP. Here we demonstrate that our platelets respond differently to the strong and weak 

agonist. The affinity of thrombin to activate platelet activation as measured by JON/A 

and P-selectin binding was much higher than that of ADP which only initiated JON/A but 

not P-selectin expression. These experiments help to validate our platelet purification 

and activation procedures. 

 

Nonlethal Thromboembolism. 

The nonlethal systemic thrombosis method was used because it may reveal 

increases in platelet aggregation (Smyth et al. 2001). Mice were kept under anesthesia with 

2% isoflurane and the right jugular vein exposed by a lateral neck incision for the collection 

of 100 μl of whole blood in sodium citrate. The left jugular vein was exposed to inject a 

coagulation solution containing 100 μg/ml ADP, 200 μg/ml collagen, and 200 μg/ml 

epinephrine in sterile saline at a dose of 5 μl/g during 10 seconds. One minute after the 

injection a sample of blood was collected into sodium citrate. Six minutes after injection 

mice were euthanized by rapid decapitation.  
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Whole-Blood Aggregation. 

Electrical impedance was determined using multiple analyzers (Dynabyte GmbH, 

Munich, Germany) by adding 175 μl of 37°C 2× CaCl2 to 175 μl of citrated whole blood, 

following agonist (200 μM PAR4-AP) addition. Aggregation and the velocity of 

aggregation were determined over a 6-minute period. 

 

Aggregation in Washed Platelets. 

Blood was spun for 10 minutes at 500g, and 500 μl of platelet-rich plasma was 

collected from the top layer of the supernatant. Pelleted platelets were suspended in 

Tyrodes-HEPES buffer and adjusted to a concentration of 3 × 108 platelets/ml. The change 

in light transmission was monitored with an aggregometer in the presence of 0.05 U/ml 

thrombin. 

 

Flow Cytometry. 

Whole blood.  

Briefly, 250 ml of whole blood was mixed with 750 ml of Tyrodes-HEPES buffer 

and added to a tube containing a buffer. Antibodies (2.5 µl) were added to tubes, and 

activation was stopped by addition of 500 ml of 2% paraformaldehyde in phosphate-

buffered saline (PBS) (0.138 M NaCl, 0.0027 M KCl; pH 7.4) 15 minutes after activation. 

Samples were analyzed at the Nashville Veterans Affairs Medical Center Flow Cytometry 

Resource Center (Oliver et al. 2014; Przyklenk et al. 2010b) using geometric mean 

fluorescence intensity (gMFI) which gives the average fluorescence intensity of each 

fluorescence channel for the sample. The antibodies that were used include JON/A-PE and 
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P-selectin-FITC which stand for the fluorophores phycoerythrin (PE) and Fluorescein 

isothiocyanate (FITC), respectively. 

Gel-filtered platelets.  

An examples of a flow experiment is shown in Figure 9. After purifying platelets, 

platelet counts were determined and normalized to 1X108/mL. 25µL of platelets were 

added and mixed with 5µL each of both EMFRET antibodies. Briefly, 250 ml of whole 

blood was mixed with 750 ml of Tyrodes-HEPES buffer and added to a tube containing a 

buffer. Antibodies (2.5 ml) were added to tubes, and activation was stopped by addition of 

500 ml of 2% paraformaldehyde in phosphate-buffered saline (PBS) (0.138 M NaCl, 

0.0027 M KCl; pH 7.4) 15 minutes after activation. Samples were analyzed at the Nashville 

Veterans Affairs Medical Center Flow Cytometry Resource Center (Nashville, TN) 

(Michelson et al., 2000a). 

 

Platelet Attachment and In-Cell Westerns. 

In-cell Westerns were performed as described previously(Ana Marin D Carneiro et 

al. 2008).Whole blood was diluted 1:8 in Krebs-Ringer-HEPES (KRH) buffer (130 mM 

NaCl, 1.3 mM KCl, 2.2 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 1.8 g/l glucose, 10 

mM HEPES; pH 7.4) or PBS and seeded onto 25 μg/ml fibrinogen-coated 96-well plates. 

After adding 45 μl diluted blood/well, MnCl2 (0.2 mM), 200 μM PAR4-AP, or buffer was 

added to all wells and incubated at 37°C for 15 minutes. Wells were fixed with 4% 

paraformaldehyde and permeabilized with 0.2% Triton for 10 minutes at room temperature. 

After blocking in 1% bovine serum albumin (BSA) and 5% normal goat serum for 30 

minutes, primary antibodies were added at a 1:1000 dilution overnight at 4°C. Wells were 
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washed three times with PBS, and secondary antibodies (IRDye 800CW donkey anti-rabbit 

IgG and IRDye 680RD donkey anti-mouse IgG; LI-COR Biosciences, Lincoln, NE) were 

added at a 1:250 dilution for 1 hour at room temperature. Plates were washed three times 

with PBS and scanned in an Odyssey Infrared Imaging system (LI-COR Biosciences). 

 

Platelet Spreading. 

Washed platelets were resuspended in KRH (1X108/ml) and seeded onto 12-well 

(5-mm-diameter) glass printed slides (Thermo Scientific Cel-Line Specialty Printed 

Microscope Slides; SSG Braunschweig, Germany) previously coated with 25 μg/ml 

fibrinogen and blocked with 1% BSA. Each well received 4-9 μl of platelets and 1 μl of 1 

mM PAR4-AP, 1 mM PAR4-AP + 0.5 μM SKI-606, KRH buffer, or other agonists and 

antagonists as described dissolved in KRH. Slides were incubated at 37°C for 15 minutes, 

washed once with 1× PBS, and fixed with 4% paraformaldehyde. Platelets were 

permeabilized with 0.2% Triton X-100 in PBS and blocked with 1% BSA and 5% normal 

goat serum. Slides were incubated with primary antibodies at 1:1000 dilution overnight at 

4°C. Slides were washed with PBS and incubated with secondary antibodies and 

phalloidin-Cy5 or concovilin-A-Cy5 at 1:200 dilution in 1% BSA for 1 hour at room 

temperature. Slides were washed and mounted in Aqua Poly Mount (Polysciences, Inc., 

Warrington, PA). Images were captured with a Zeiss LSM510 META Inverted Confocal 

Microscope (Carl Zeiss Microscopy, LLC, Thornwood, NY) located at the Vanderbilt Cell 

Imaging Shared Resource. Images were obtained with a 63×/1.40 Plan-Apochromat oil 

lens using Zeiss Image Browser. Platelet number and area were quantified by a blinded 

experimenter using ImageJ analysis software in the talin channel (Cy2). 
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Western Blotting and Coimmunoprecipitations. 

Washed platelets were resuspended in KRH or Tyrode’s buffer, incubated at room 

temperature for 30 minutes, lysed by addition of 1 volume of 1% Triton X-100 in PBS 

(containing protease inhibitor; Roche, Indianapolis, IN), and clarified by centrifugation at 

13,000g for 10 minutes at 4°C. Lysates were collected for input (10 μg), and 200μg of 

protein extract was incubated with 30 μl integrin β3 antibody (2C9.G2 hamster anti-β3; 

BioLegend) covalently attached to protein A magnetic beads (Dynabeads; Life 

Technologies/Invitrogen, Grand Island, NY) for 1 hour at 4°C. Beads were isolated 

magnetically and washed with 1 ml 0.5% Triton X-100 in PBS. Coimmunoprecipitated 

proteins were eluted with 1× NuPAGE lithium dodecyl sulfate sample buffer (Life 

Technologies/Invitrogen) and Western blot analysis performed. Proteins were detected by 

chemiluminescence and exposed to Hyperfilm through multiple exposures to ensure linear 

distribution of the signal. Films were scanned, and band densities were established using 

ImageJ software (NIH, Bethesda, MD). 

 

Src In Vivo Inhibition. 

A 10 mM stock of SKI-606 (Sigma-Aldrich) in dimethylsulfoxide was diluted in 

sterile saline (0.9% NaCl) to 0.1 mg/ml immediately prior to administration. Mice were 

maintained under anesthesia with 2% isoflurane during the whole procedure. The jugular 

vein was exposed for the collection of 300 μl of blood in sodium citrate for a pre–SKI-606 

clotting time measurement. After this initial blood draw, SKI-606 was administered 

intraperitoneally at 1 mg/kg. After 30 minutes, the cardiac puncture was performed for 
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collection of blood samples (post–SKI-606). Blood samples were used to perform clotting 

time experiments and in-cell Westerns. 

 

Serotonin, 5HIAA, and ADP levels 

HPLC 

5-HT and 5HIAA levels were measured by HPLC by the Vanderbilt 

Neurochemistry core. Blood was collected in 3.2% sodium citrate and stored at -80oC until 

analyzed.  

ELISA 

Alternatively, serotonin levels were also measured using a serotonin ELISA using 

a serotonin EIA kit (Enzo life Sciences H #ADI-900-175) according to the manufacturer’s 

instructions. The detection limit of the assay was 0.43 ng/ml, and samples were diluted 

1:16 in order to remain within the linear range of the standard.  

ADP ELISA 

The ADP ELISA was performed according to manufacturer instructions. A 

standard curve was prepared for each assay to determine the concentration of ADP found 

within the whole blood samples (Abcam, United States, ab83359).  

 

Radioligand binding and uptake 

Platelet counts were normalized before analysis using a Coulter Counter at 5-3X108 

cells/mL. A saturation curve was done with increasing concentrations of 3Hketanserin 

(0.625nM-20nM) incubated with 50μL of platelets in suspension and methysergide at 

20μM to determine non-specific binding. Bmax values were calculated using a nonlinear 
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regression analysis for one-site specific binding (GraphPad Software, Inc., La Jolla, CA). 

G-protein activation was measured via 35SGTPyS incorporation. Mouse platelets were 

pooled (n=2) per assay. Platelets were lysed by addition of ddH2O and placed at -20oC for 

a minimum of 3 hrs. Samples were thawed and spun at 20,000g for 20 minutes to collect 

membranes. Membranes were resuspended in membrane storage buffer (10 mM HEPES, 

pH 7.4, 1 mM EDTA). Samples were incubated in 50 µM GDP and 0.5 mM dithiothreitol 

for 15 minutes. 1 µM DOI and 0.2 nM 35SGTPyS were incubated in samples for 60 minutes 

at room temperature. Counts were standardized by protein concentration of membrane 

prep. For non-specific 35SGTPyS incorporation excess unlabeled-GTPyS (100 μM) was 

added. 5-HT2A receptor specific 35SGTPys was measured following normalized of SERT+/+ 

DOI specific counts to non-DOI specific counts. The assay was terminated by filtration 

through polyethyleneimine-coated GF/B Whatman filters using a Brandel Cell Harvester 

(Brandel, Gaithersburg, MD), and final counts were measured using a scintillation counter. 

Finally, competitive binding with 3HADP to platelet membrane preparations was used to 

determine P2Y1 and P2Y12 relative percentage of receptors. 3HADP at 20 nM was added to 

platelet membrane preparations (5-20μg total). Platelets were then incubated at the 

indicated concentration of either P2Y12 (Ticagrelor) or P2Y1 (MRS2179), or dual P2Y1 and 

P2Y12 antagonist (PIT, 2,2'-pyridylisatogen tosylate) to determine receptor specific 

binding. 

 

Statistics. 

All data were analyzed in Prism 4.0c (GraphPad Software, Inc., La Jolla, CA) using 

Student’s t tests or two-way analysis of variance (ANOVA) with Bonferroni post-tests 
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where appropriate. Welch’s correction parameters were employed in samples with unequal 

variances. Nonparametric t tests were used when normalized to the WT data (all WT = 

100) or when the variation between samples sets was non-normally distributed. A P value 

of <0.05 was considered statistically significant. All data are shown as mean ± S.E.M., or 

median ± S.D. when appropriate based on statistical method used. Detailed statistics are 

given in the figure legend for each figure.  
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CHAPTER 3 

ACUTE AND CHRONIC LOSS OF SEROTONIN TRANSPORTER 

FUNCTION IN PLATELETS 

The serotonin transporter: pharmacology and protein interactions 

The serotonin transporter (SERT) 

Introduction 

Although serotonin is known for its role as a neurotransmitter, it is often forgotten 

that serotonin was first characterized in the periphery and shown to regulate vascular tone 

(Ueno et al. 2011; Jedlitschky, Greinacher, and Kroemer 2012; M. Berger, Gray, and Roth 

2009). When released into the extracellular space serotonin can initiate intracellular 

signaling cascades through both GPCRs and a ligand-gated ion channel. In the central 

nervous system, serotonin is involved in aggression, alcoholism, depression, and feeding 

behavior (Greenberg et al. 1999; Canli and Lesch 2007). These same GPCR-mediated 

signaling mechanisms result in serotonin’s vasoactive properties stemming from 

endothelial cell activation and nitric oxide production (P M Vanhoutte 1987). However, 

serotonin does have the potential to signal through non-GPCR-mechanisms as discussed 

later in this chapter.  

In the blood compartment, serotonin concentration is regulated via uptake and 

storage in platelets via the serotonin transporter (SERT). Within this chapter, I will separate 

the role of SERT in platelet function based on its acute and chronic functions. Acutely, 

SERT regulates the concentration of serotonin taken up by the platelet, and therefore also 

controls the extracellular concentration that is able to signal extracellularly. Long term, 

SERT controls the total amount of serotonin levels in the blood. Potentially this can alter 
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serotonin homeostasis and signaling by protecting it from metabolic degradation.  SERT is 

responsible for the regulation of extracellular versus intracellular serotonin concentrations, 

which has distinct implication in both the acute and chronic contexts. Below, I will discuss 

SERT’s role in platelet biology. I will also discuss known protein-protein interactions and 

describe a proposed non-GPCR function of serotonin that could be responsible for some 

acute effects of SERT inhibition.  

 

The serotonin transporter: SERT 

Regulating intercellular and extracellular serotonin levels, SERT exists in many 

different conformations that engage in specific interactions with molecules that alter 

intracellular signaling. Many groups have suggested that SERT has signaling capacities of 

its own within the intracellular environment (Monassier, Laplante, et al. 2010, Brenner et 

al. 2007; Lau et al. 2012).  SERT, a protein consisting of 630 amino acids with 12 

transmembrane domains, has the potential to be a hub of signaling mechanisms and a 

regulator of serotonin signaling.   

 

SERT Protein Family 

SERT belongs to the solute carrier 6-gene family (SCL6), which is also called the 

neurotransmitter-sodium-symporter family (Na+/Cl--dependent transporters) (He, 

Vasiliou, and Nebert 2009; Kristensen et al. 2011). There are a total of nine Na+/Cl-- 

dependent plasma membrane transporters within this group, which include the 

neurotransmitter transporters for the monoamines serotonin, dopamine, and 

norepinephrine, and the amino acids GABA and glycine (Kristensen et al. 2011). Transport 
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requires energetically coupled mechanisms when the concertation gradient across the cell 

membrane for the solute is non-favorable. Examples of energetically coupled mechanisms 

include hydrolysis of ATP (e.g. ABC transporters) or the use of transmembrane ion 

gradients (e.g. SLC family).  The SLC family specifically encompasses 350 transporters 

organized into 55 families (Borst and Elferink 2002; Vasiliou, Vasiliou, and Nebert 2009; 

Hediger et al. 2004; Dennis L Murphy et al. 2009; He, Vasiliou, and Nebert 2009). SLC6 

is among the largest of these families containing 20 genes that encode a group of highly 

similar transport proteins. SLC6 transporters transport various amino acids and their 

derivatives into cells using co-transport of extracellular Na+ and/or other ions (He, 

Vasiliou, and Nebert 2009). The favorable gradients of the co-transported ions 

energetically drives substrate translocation against a chemical gradient (Dennis L Murphy 

et al. 2009). The different types of transporters can be divided into different subgroups 

based on sequence similarity and substrate similarity. One subset includes the monoamine 

transporters (MATs) for dopamine (DAT), norepinephrine (NET), and serotonin (SERT) 

(Kristensen et al. 2011; Masson and Hamon 2009). 

There are other classification which help to describe the transport mechanism of 

the SLC6 family members. SLC6 transporters can be categorized as secondary active 

transporters because they use the potential energy stored in the electrochemical gradient of 

Na+, or other ions, to move their substrates (He, Vasiliou, and Nebert 2009; Kristensen et 

al. 2011). Additionally, they can be categorized as symporters because the movement of 

the monoamine is in the same direction as Na+ (Manepalli et al. 2012; Nyola et al. 2010). 

However, in some cases but particularly for SERT (SLC6A4), there is also the antiport 

movement of potassium (K+). K+ performs the counter-transport of the Na+ movement 
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moving the transporter back to a conformation allowing for another round of substrate 

internalization.  

 

SERT Structure  

SERT is the product made from the SLC6A4 gene, which is located within 

chromosome 17q11.2 and is composed of 14 exons that span approximately 40kb (GCID: 

GC17M030194). The sequence of the transcript predicts a protein made up of 630 amino 

acids with 12 transmembrane domains. Below, I will discuss a body of literature that has 

probed the SERT structure and binding sites for serotonin and antidepressants. Excitingly, 

the human SERT X-ray structure was recently published (Coleman, Green, and Gouaux 

2016). However the preliminary work comparing SERT sequence to other homologous 

transporters including LeuT and DAT will also be discussed (Bulling et al. 2012; 

Khelashvili and Weinstein 2015).  

The SERT ligand-binding pocket consists of residues from transmembrane 

domains 1,3,6, and 8, corresponding to the leucine-binding site of LeuT (Manepalli et al. 

2012; Gabrielsen et al. 2011; Andersen et al. 2009). This comparison was preserved from 

a study in which LeuT and SERT substrate binding and antidepressant binding sites were 

compared (Z. Zhou et al. 2009). A smaller SERT side chains present in S1 relative to those 

that seen in LeuT may accommodate the larger serotonin substrate. The presence of the 

SERT TM 1 aspartate residue (D98) may be substantial for substrate interaction. The paired 

mutant–ligand analog complementary experiment has been used to study the binding of 

serotonin in the SERT S1 site (Kaufmann et al. 2009; Manepalli et al. 2012; Severinsen et 

al. 2012). Serotonin analogs were docked into each of three independently generated 



68 
 

recombinant human SERT models using an induced-fit method   (Gabrielsen et al. 2012; 

Wildling et al. 2012). Different conformations were experimentally analyzed by 

characterizing 13 SERT point mutants with respect to binding of serotonin analogs. 

Interactions between serotonin and residues D98 (TM1), A173 (TM3), and T439 (TM8) 

were suggested as possible interaction sites between the transporter and serotonin 

(Kristensen et al. 2011; He, Vasiliou, and Nebert 2009; Hediger et al. 2004) .  

SERT activity is dependent on relatively high extracellular concentrations of Na+ 

and Cl- (Beckman and Quick 2001; Mortensen et al. 1999; Demchyshyn et al. 1994). The 

driving force for the energetically unfavorable transport of serotonin is the Na+ influx 

(Quick et al. 2003). The transporter moves Na+ down its concentration gradient (Figure 

10), which is maintained by the Na+/K+ pump (Na+/K+ ATPase). High concentrations of 

extracellular Cl- is also necessary for SERT transport (Manepalli et al. 2012).  

Although the SERT and LeuTAa structure share only have 17% similarity, the 

comparision between the putative 5HT binding site raises comparability to 50%  (Beuming 

et al. 2006; Kaufmann et al. 2009). However, novel crystal strucutres of the drosophila 

melanogaster dopamine transporter have been crystalized to 3.0A (Penmatsa, Wang, and 

Gouaux 2013). This model sheds new light on the Na+/Cl--coupled neurotransmitter uptake 

mechanisms including structure modulaion by lipids. One key lipid that could modulate 

substrate efflux is PIP2 , which was shown to interacts with the N-terminal region of DAT 

(Khelashvili and Weinstein 2015).  

It is currently thought that SSRIs inhibit SERT activity by binding to its primary 

high-affinity site, or orthosteric site. Additionally, the novel SERT crystal strucutre to 

3.15A has demonstrated the allosteric binding site of (s)-citalorpam (Coleman, Green, and 



69 
 

Gouaux 2016). Two strucutres of SERT were examined: one was bound to (S)-citalopram, 

one bound to paroxetine. It was shown that the binding of both SSRIs locked SERT in a 

downward facing conformation (Coleman, Green, and Gouaux 2016). Both SSRIs were 

lodged in the center binding site located between helices 1,3,6,8 and 10. This is the site site 

in which serotonin would bind (Coleman, Green, and Gouaux 2016). The allosteric binding 

site of (s)-citalopram is defined by residues in TN1b, TM6a, TM10, and TM11 as well as 

EL4 and EL6 (Coleman, Green, and Gouaux 2016). This binding would directly compete 

with serotonin uptake. Overall, this site is very similar to the alloeseric site predicted by 

DAT comparative modeling.  

 

Figure 10. Binding sites of SSRIs on SERT. Shown are the various localization of binding 

site on SERT with the proper arrangement of serotonin as it is transported by the 

transporter. The sites shown include serotonin, the orthosteric site, the allosteric site, and 

TCA binding.  
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SERT as a signaling platform: known protein-transporter interactions 

SERT-interacting proteins (SIPs) mediate trafficking, cytoskeletal dynamics and 

other non-canonical functions of these proteins (Figure 12). The primary role of SERT is 

serotonin uptake. Even though its uptake function can be readily demonstrated in 

recombinant expression systems, under physiological conditions the regulation of transport 

kinetics is vastly dependent on the intracellular and extracellular environment surrounding 

the transporter. SERT is part of a larger signaling complex, as evidenced by its dynamic 

regulation of activity and localization, as well as the numerous characterized protein-

protein interactions with SIPs. Many of these proteins are either associated with vesicle 

fusion or endocytosis. Therefore there is still much to be determined about the role of SERT 

beyond serotonin uptake. 

Phosphorylation is a major posttranslational modification that alters protein 

function and is regulated by the action and location of kinases and phosphatases. Protein 

kinases are an important aspect of SERT regulation. Activation of Protein Kinase C (PKC) 

through the phorbol ester activators β-PMA and β-PdBu rapidly inhibit serotonin uptake 

(within 30 mins) by SERT in HEK293 cells (Qian et al. 1997). This is likely due to a 

decrease of SERT at the plasma surface. PKA C-α activation may also regulate SERT 

uptake function (Vuorenpää et al. 2016).  Other proteins that phosphorylate or modulate 

SERT include protein kinase B (Akt) and p38 mitogen-activated protein kinase (MAPK) 

(Vuorenpää et al. 2016). Other interactions that may also be important include PI3K and 

Ca2+/calmodulin-dependent kinase II which regulates SERT interaction with syntaxin 1A 

(Nazir et al. 2015; Ciccone et al. 2008). 
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Inhibitors that target protein phosphatase 2A (PP2A) and protein phosphatase 1 

(PP1) lead to increased SERT phosphorylation (S. Ramamoorthy et al. 1998) and reduced 

SERT transport activity (Sakai et al. 2002).  The interaction of PP2A with the SERT occurs 

through its catalytic subunit (PP2Ac), as shown in both transfected cells and brain tissues. 

(Daaka et al. 1997; Zhu et al. 2005). PP1/2A inhibitors, like okadaic acid and calyculin A 

can increase SERT phosphorylation and decrease its serotonin uptake function (Sakai et al. 

2002; S. Ramamoorthy et al. 1998). The SERT phosphorylation site can be phosphorylated 

by both PKC and PKA within the serine/threonine sites. SERT displays moderate tonic 

phosphorylation, but this phosphorylation can be enhanced with activators of PKA and 

PKC, or reduced with inhibitors PP2A (Vuorenpää et al. 2016). 

 

Figure 11. Signaling partners of SERT. There are a number of difference signaling events 

that can occur which regulate and modulate SERT function. These signaling pathways 

include the endocytosis and exocytosis of SERT (shown in blue), the phosphorylation of 

SERT which alters it function (shown in red), and SERTs interaction with the cytoskeleton 

including that which leads to endocytosis (shown in green).  
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SERT function is regulated by its membrane surface expression and catalytic 

activity. There are multiple intracellular signaling pathways that regulate these processes 

as discussed above (Sammanda Ramamoorthy, Shippenberg, and Jayanthi 2011; S. 

Ramamoorthy 1999; Steiner, Carneiro, and Blakely 2008). However there are a number of 

other SERT protein interactions that localize the SERT protein to the the cytoskeleton (Ana 

Marin D Carneiro and Blakely 2006; Scanlon, Williams, and Schloss 2001; Magnani et al. 

2004). It has been suggest that cholesterol modulates the functional properties of SERT by 

stabilizing its structure (Scanlon, Williams, and Schloss 2001). The association of SERT 

with lipid rafts has been shown to decreased serotonin transport capacity (Vmax) of SERT 

(Magnani et al. 2004). Additionally the association of SERT with HIC-5, a LIM domain 

adaptor protein, may act as a shuttle or protein scaffold that mediates the transtion of SERT 

between lipid raft partitions (Ana Marin D Carneiro and Blakely 2006). Studies have 

shown that the interaction between SERT and myosin IIA is dependent upon N-linked 

glycosylation of SERT (Ozaslan et al. 2003). Association of the effector domain with 

membranes may be regulated by Ca2+/calmodulin. Additionally, SERT may interact with 

Protein interacting with C kinase 1 (PICK1), which is an essential scaffolding protein that 

also regulates the function of DAT and NET (Torres et al. 2001).  

SERT has also been demonstrated to interact with proteins that regulate endo- and 

exocytosis. Syntaxin 1A is a plasma membrane protein that is a critical part of the soluble 

N-ethylmaleimide- sensitive factor attachment protein receptor (SNARE) complex 

involved in the regulation of neurotransmitter release (Quick 2002; Haase et al. 2001). 

Syntaxin 1A interacts with the N-terminal region of SERT, as demonstrated by both co-IP 

and glutathione-s-transferase pull-down assays using recombinant systems. Syntaxins have 
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a C-terminal transmembrane domain, a SNARE domain, and a Habc N-terminal regulatory 

domain (Bracher et al. 2004). It has also been demonstrated that SERT interacts with other 

SNARE proteins including vesicle-associated membrane protein 2 (VAMP2) and 

synaptosome-associated protein of 25 kDa (SNAP25) (Kaastrup et al. 2014). Additionally, 

secretory carrier membrane protein 2 (SCAMP2) has also been shown to bind and directly 

interact with SERT (Müller, Wiborg, and Haase 2006). Co-expression of SCAMP2 with 

SERT caused a decrease in SERT surface density and a concomitant reduction in serotonin 

uptake. Mutation to the conserved E-peptide of SCAMP2 eliminated downregulation of 

SERT without affecting the interaction of SERT and SCAMP2 (Müller, Wiborg, and Haase 

2006). In addition to the cytoskeletal interactions established above, these findings suggest 

that SERT regulates the vesicular movement of components within the membrane via 

direct interactions with vesicle-associated proteins.  

 

Phenotype of SERT Knockout Mice 

 Serotonin is thought to play a significant role in numerous disorders. Therefore, 

generation of a SERT knockout mouse allowed for investigation into possible underlying 

mechanisms (Table 3) (J R Homberg et al. 2007; D L Murphy, Uhl, and Holmes 2003; M. 

a Fox et al. 2007; A. V Kalueff, Jensen, and Murphy 2007; Lynette C Daws 2009;  a V 

Kalueff et al. 2010). Naturally occurring polymorphisms in recombinant inbred lines have 

been shown to modulate SERT function and lead to multiple phenotypes associated with 

SERT function (Ana M D Carneiro et al. 2009). Examples of serotonin-related 

neurological/psychiatric diseases include depression, bipolar disorder, anxiety disorders, 

eating disorders, autism, and ADHD (S. M. Stahl et al. 2013; Glatt et al. 2004; Nietzer et 
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al. 2011; Giannaccini et al. 2010). Peripheral disorders include myocardial infarction, 

pulmonary hypertension, irritable bowel syndrome and sudden infant death syndrome 

(SIDS) (Nazir et al. 2015; Gershon and Tack 2007; Kim et al. 2005). Although serotonin 

system dysregulation has been implicated in each of these disorders, the actual mechanisms 

behind these disorders have yet to be conclusively determined.  

Serotonin uptake is profoundly decreased in the SERT KO mice (Dennis L Murphy 

and Lesch 2008). There are many different phenotypic traits associated with the loss of 

SERT. Mouse homozygous for loss of SERT, and to a lesser extent the heterozygous KO, 

exhibit diminished responses to serotonin receptor antagonists and other classes of drugs 

including MDMA, SSRIs, 8-OH-DPAT, and DOI (M. A. Fox et al. 2007). These findings 

suggests that the loss of one SLC6a4 allele leads to a decrease in transporter function, but 

a single copy of SLC6a4 is sufficient to maintain serotonin homeostasis (Dennis L Murphy 

and Lesch 2008; Lynette C Daws 2009).  

SERT KO mice have been reported to have increased anxiety-like behaviors and 

altered neuroendocrine and sympathoadrenal responses (Adamec et al. 2006; Haenisch and 

Bönisch 2011; Araragi and Lesch 2013). These responses have been shown for multiple 

types of stimuli including minor stress. Furthermore the SERT knockout mice have a 

significant number of physiological changes, shown in Table 1. These characteristics 

suggest that the SERT KO mice would be useful in the study of serotonin and serotonin 

transporter in behavior and learning, obesity and type II diabetes, and other molecular 

consequences of SERT interactions (Dennis L Murphy and Lesch 2008; M. Berger, Gray, 

and Roth 2009)  

Additionally, SERT knockout mice display serotonin concentrations reduced to 



75 
 

<10% of normal in most peripheral tissues where serotonin is not synthesized (Brenner et 

al. 2007; Dennis L Murphy and Lesch 2008; Kim et al. 2005). In all of these tissues, the 

reductions in tissue serotonin content seems to be a direct result of a failure of SERT-

mediated uptake system, as serotonin synthesis is not affected by genetic loss of SERT, 

and may even be increased (Araragi and Lesch 2013). The minimal concentrations of 

serotonin still found in these tissues most likely arise by to compensation from other 

transporters. One example of this is the DAT-mediated accumulation of excess serotonin 

in dopaminergic neurons in the substantia nigra in SERT knockout mice (F. C. Zhou, 

Lesch, and Murphy 2002). Additionally, SERT knockout mice display increased 

expression of organic cation transporters OCT1 and OCT3, which are low-affinity 

transporters of monoamines (Kim et al. 2005).  

At a biochemical level, SERT heterozygous knockout mice, have fewer specific 

SERT binding sites as determined with labeled SERT ligand (J R Homberg et al. 2007; Q. 

Li et al. 2000).  They also show decreased serotonin clearance and elevated extracellular 

serotonin levels. However, it is important to note that they have unchanged tissue serotonin 

concentrations in the brain and in the periphery and have stable brain serotonin synthesis 

and turnover.  

There are some interesting effects on serotoninergic receptors following the loss of 

SERT, which may explain sex-dependent responses. In the female SERT knockout mice 

the 5-HT1A receptors in the brainstem raphe area are substantially (>60%) decreased, with 

smaller reductions in males and intermediate values in heterozygous mice (Dennis L 

Murphy et al. 2009; Q. Li et al. 2000; Fabre et al. 2000). Interestingly, female but not male 

SERT knockout mice also show modest reductions in 5-HT1A receptors in the 
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hypothalamus and in some areas of the amygdala and septum but show no changes in the 

cortex or hippocampus (Q. Li et al. 2000). Downregulation of 5-HT1A receptors at 

presynaptic somatodendritic sites for both SERT knockout and SERT homozygous mice 

may be a mechanism responsible for the insensitivity of these receptors and of 5-HT1A-

mediated neuroendocrine responses. Furthermore, in SERT knockout mice, 5-HT2A 

receptors are decreased in the striatum, claustrum, and cortex, but increased in the septum 

and hypothalamus (Dennis L Murphy and Lesch 2008; Fabre et al. 2000). Diminished 

receptor-mediated responses are not attributable to abnormalities in G‑protein coupling 

(Q. Li et al. 2000). While there are some concerns using a constitutive model of lost SERT 

function, the SERT-/- mouse is still a powerful approach especially in isolated systems like 

the platelet.  
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SERT KO Phenotypes References 

Reduced SERT binding sites (J R Homberg et al. 2007; Q. Li et al. 2000; 

Thakker et al. 2005; M. A. Fox et al. 2007) 

Reduced serotonin uptake (Adamec et al. 2006; Haenisch and Bönisch 

2011; Araragi and Lesch 2013) 

Reduced serotonin clearance (Baganz et al. 2010)(L. C. Daws et al. 2006) 

(Mathews et al. 2004) 

Decreased concentration of serotonin in 

brain and periphery 

(Bengel et al. 1998)(G Gobbi et al. 

2001)(Vogel et al. 2003) 

Increased serotonin synthesis (Kim et al. 2005) 

Increased glucose, leptin, cholesterol, and 

triglycerides 

(Haub et al. 2010) 

Increased anxiety, learned fear, learned 

helplessness, acoustic startle 

(A. V Kalueff, Jensen, and Murphy 2007; J 

R Homberg et al. 2007; Araragi and Lesch 

2013) 

Decreased aggregation, exploratory 

activity, rotarod agility, wire hang 

(Monassier et al. 2010) 

Increased stress response (ACTH, 

corticosterone, epinephrine, temperature 

and motor responses) 

(Adamec et al. 2006; Adamec, Holmes, and 

Blundell 2008) 

Increased gut motility and body weight (J. J. Chen et al. 2001; Haub et al. 2010) 

Decreased glucose tolerance, insulin 

sensitivity, brain glucose utilization, bone 

mass and strength 

(Esaki et al. 2005) 

Decreased nociception, bladder function (L. L. Cornelissen et al. 2005) 

Platelet serotonin decreased and plasma 

levels decreased 

(ANDERSON et al. 1990; G. M. Anderson 

et al. 1987; G. M. Anderson and Cook 

2016b) 

Decreased SSRI effects, ipsapirone 

effects, MDMA effects, alcohol effects on 

10-day treatment 

(L. C. Daws et al. 2006) 

Increased cocaine effects, alcohol effect 

on motor function 

(Rocha 2003) 

 

Table 3. SERT KO phenotypes. The various phenotypes related to knockout of the 

serotonin transporter is reported. (Amireault, Sibon, and Côté 2013) 
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The acute role of the serotonin transporter in platelet function 

The serotonin transporter is not only the gate-keeper for the acute uptake of 

serotonin by platelets, but also long-term inhibition of SERT function regulates the 

serotonergic tone of the periphery (Brenner et al. 2007; Maurer-Spurej, Pittendreigh, and 

Solomons 2004).  There are multiple ways by which acute uptake of serotonin by SERT 

could modulate platelet function. Some examples of how acute uptake by SERT to 

modulate cell function include changing the intracellular signaling hub of SERT or non-

GPCR-mediated function of serotonin intracellularly. Additionally, uptake of serotonin 

could modify the oxidative state within the cell. One mechanism that has gained 

recognition in platelets for the non-GPCR-mediated role of serotonin intracellularly is 

serotonylation. Below I will discuss the details of serotonylation in platelets and the role 

of serotonylation in platelet function.  

 

Serotonylation  

Serotonylation is the post-translational modification of a glutamine residue on 

protein by the enzymatic addition of serotonin by a transglutaminase (Griffin, Casadio, and 

Bergamini 2002; Puszkins and Raghuraman 1985; Höltje, Winter, Pahner, et al. 2003; J. 

C.-Y. Lin et al. 2013; Diego J Walther et al. 2003; Dale et al. 2002). Serotonylation has 

been implicated in a number of other systems and pathological processes including fibrosis 

and pulmonary hypertension (J. C. Lin et al. 2013; Guilluy et al. 2009). 

Importantly,  there are two major transglutaminases (TGase) that could mediate 

serotonylation (Puszkins and Raghuraman 1985). One is FXIIIa, which is a member of the 

coagulation cascade and has been implicated in the formation of “coated platelets”. Second 
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is tissue transglutaminase 2 (TG2), which has also been implicated in multiple 

diseases(Esposito and Caputo 2005). FXIII is found on the extracellular side of the 

membrane while TG2 is found intracellularly. Therefore, the possibility of serotonylation 

as a mechanism that regulates platelet function can happen on both the extracellular and 

intracellular side of the membrane. Knowledge regarding both intracellular and 

extracellular serotonin concentration, and how these levels are modulated by SERT, is vital 

in both settings.  

Coated-platelets, formerly known as COAT-platelets, represent a subpopulation of 

cells that are observed following a dual stimulation of platelets with both collagen and 

thrombin (Szasz and Dale 2002; Jobe et al. 2005; Alberio et al. 2000). Similar to having a 

“coat” of extracellularly serotonylated glycoproteins, these platelets have increased 

phosphatidylserine surface expression that leads to greater prothrombinase activity. The 

proteins that are retained on the platelet surface include a number of α-granule proteins that 

are associated with a serotonin molecule. It is suggested that serotonylation of proteins lead 

to a modification that increases their retainment to the platelet surface through both 

fibrinogen and thrombospondin binding sites. This process is distinct from intracellular 

serotonylation, but the mechanism seen in extracellular serotonylation remains consistent 

(Jobe et al. 2005; Szasz and Dale 2002; Dale et al. 2002). 

Intracellular serotonylation has been a proposed mechanism in a number of 

different cell types. This mechanism involves the modification of small GTPases including 

Ras and Rho. Also, GTPase modulates a number of intracellular events including granule 

exocytosis, spreading, contraction, etc. modification of their activity by serotonylation 

presents a major potential effect, which would be disrupted with lost SERT function. 
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Below, I will go into more detail about the mechanisms of serotonylation and discuss the 

current understanding of serotonylation in platelets.  

 

Substrates for serotonylation  

GTPase serotonylation is postulated to occur on a conserved glutamine residue 

within the GTP-hydrolyzing domain, thereby regulating GTP hydrolysis (Visvikis, 

Maddugoda, and Lemichez 2010; Schmidt et al. 1999; Schmidt et al. 1997; Hummerich et 

al. 2012; Diego J Walther et al. 2003). The GTP hydrolysis domain is shared by members 

of the Gα protein family and could be potential targets for transglutaminase-mediated 

serotonylation as well.  

Given the vast number of proteins that could undergo serotonylation, RhoA is of 

particular interest, as a small GTPase. It has a known role in platelet function including 

stabilization of αIIbβ3 adhesions and clot retraction (Tabu and Yo 2001; I. Pleines et al. 

2012; Article 2013). Constitutive activation of RhoA could be the boundary between 

reversible and irreversible platelet activation in platelets. Other GTP proteins have also 

been suggested substrates for serotonylation including Ras and Rab4 (J. C. Lin et al. 2013; 

Diego J Walther et al. 2003). It is believed that the interaction of Ras and Raf-1 is 

interrupted following serotonylation (J. C. Lin et al. 2013). While many have suggested a 

role for serotonylation in platelet function, the full implications of serotonylation have yet 

to be determined.   
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Serotonin in platelets: possible mechanisms explored through the work of Kilic et al.  

The work of Kilic et al. comprises a significant effort to explore the role of serotonin 

in platelet function, including both the intracellular and extracellular modulation of platelet 

serotonin. Kilic’s group focuses on how circulating serotonin is implicated in several 

disease states, including hypertension. In a Journal of Neurochemistry article written in 

2007, Kilic studies the effects of serotonin on platelets and in patients with high blood 

pressure (Brenner et al. 2007). Serotonin uptake rates were reduced in hypertensive 

platelets with reduced Vmax but no difference in Km of SERT. This was due to a decrease 

in SERT surface expression and not whole expression levels. It was also found that platelet 

serotonin content decreased 33% in hypertensive patients as a result of reduced SERT 

surface expression. It is interesting to note that treatment with serotonin altered SERT 

uptake rates in a bi-phasic manner.  

Expanding on these observation using CHO cells, Kilic et al demonstrates that 

extracellular serotonin treatment regulates surface SERT expression to show a role of 

intracellular serotonylation (Ahmed et al. 2008). They build from a previous observation 

from Walther et al. that suggests that acute uptake of serotonin can lead to receptor-

independent function (Diego J Walther et al. 2003). In the work of Walther et al., it was 

reported that the stimulation of cells with high serotonin concentrations (15µM, [14C]-

5HT) induces transamination of Rab4, a small GTPase, intracellularly (Diego J Walther et 

al. 2003). In Kilic et al. they demonstrates that treatment of serotonin leads to a significant 

reduction on surface SERT levels at high concentrations greater than 50µM (Ahmed et al. 

2008). They conclude that association between Rab4-GTP is activated by sertotonylation 

and that activated Rab4 leads to SERT internalization (Ahmed et al. 2008). Many have 
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suggested similar mechanisms is other cell types (Muma and Mi 2015; Paulmann et al. 

2009; Watts, Priestley, and Thompson 2009b).  

One mechanisms to test serotonylation is through administration of SSRIs that 

block the acute uptake of serotonin. Kilic et al. demonstrate that SSRIs counteract the effect 

on elevated plasma serotonin levels (Mercado and Kilic 2010; Fraer and Kilic 2015; Ziu et 

al. 2012; Brenner et al. 2007; Singh et al. 2013). The reports published in Sci Rep 2014 

entitled “Effect of serotonin on platelet function in cocaine-exposed blood”, Kilic et al. 

report that cocaine which also downregulates SERT function leads to an increase in 

aggregation rates compared to control mice (Ziu et al. 2014).  Interestingly, they show that 

infusion of serotonin increases aggregation while injection of paroxetine leads to a 

significant reduction in aggregation following stimulated with collagen. Additionally, the 

concentration of citalopram and paroxetine that they were using in the previously 

mentioned studies range from 50-100µM, far outside of the range necessary to block 

SERT-mediated uptake (Sauer, Berlin, and Kimmel 2003). Kilic et al. also indicate that 

acute loss of SERT leads to reduced platelet surface P-selectin levels with paroxetine but 

increased P-selectin levels with cocaine (Ziu et al. 2014). P-selectin is released to the 

platelet surface following α-granule exocytosis, and these finding would suggest that acute 

loss of SERT uptake leads to reduced granule exocytosis. 

To understand modulation of serotonin Kilic et al attempts to separate the platelet 

and plasma levels of serotonin in whole blood.  Whole blood serotonin levels is around 

1ng/µL in the blood in saline treated mice while paroxetine-treated mice had approximated 

3ng/µL of blood and cocaine treated mice have approximately 3.5ng/µL of blood serotonin 

levels and are closer to plasma levels typically seen (Ziu et al. 2014). This is about 10 times 
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lower than the typical levels of serotonin reported in the blood (Brenner et al. 2007; G. M. 

Anderson 2007; Anderson et al. 1990).  

However, Kilic et al. have also suggest that serotonin could act through the 

5HT2AR, the only receptor found on platelets (Lesch et al. 1993). Mice transfused with 

serotonin showed increased aggregation when stimulated with ADP (Ziu et al. 2012). 

Increased aggregation was also observed following stimulation with collagen at 3µg/mL. 

Both of these effects could be blocked with the Sarpogrelate, an antagonist of 5HT2AR and 

5HT2BR. The antagonist was injected 30mg/kg body weight at 18 hrs post infusion, and the 

platelets were purified at 24 hrs. These experiments would suggest that the increased 

aggregation in hyperserotonemia conditions occurs through a 5HT2AR dependent manner, 

as 5HT2BR is not expressed on platelets. This paper also suggests that plasma serotonin 

levels are increased, which is still very controversial blood (Brenner et al. 2007; G. M. 

Anderson 2007; Anderson et al. 1990). Furthermore, Kilic et al. indicate that treatment 

with paroxetine is able to rescue these effects through reduced serotonin concentration and 

attenuating platelet activation and aggregation. In total, this work suggests that further 

investigation of the role of serotonin in platelet activation and its mechanisms are reduced.  

Finally, in Kilic et al. group also suggest an alternative mechanism of serotonin role 

in platelet activation. In the paper “A serotonin-induced N-glycan switch regulates platelet 

aggregation” they linked the increased levels of plasma serotonin to alter glycoprotein 

platelet surface content leading to increased aggregation(Mercado et al. 2013). This is a 

fascinating non-receptor, non-SERT mediated mechanism that could play a role in many 

extracellular processes (Jobe et al. 2005; Szasz and Dale 2002; Alberio et al. 2000). Further 

work is needed to understand the role of non-receptors and non-transporter mediated 
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function of serotonin in the periphery.  This chapter looks to expand on these observations 

by examining the roles of acute versus chronic inhibition of SERT function. I establish 

pharmacologically relevant SSRI-treatment models that test the function of SERT while 

attempting to reduce the chances of off-target effects. We test for non-SERT mediated 

effect of citalopram using the citalopram insensitive SERT M172 mouse model (B. J. 

Thompson et al. 2011; Henry et al. 2006). Following these experiments, the role for 

serotonin in platelet activation and function will be discussed.  
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Acute SSRI treatment 

Abstract 

SERT is a regulator of the serotonergic signaling system in the periphery, and there 

are a few mechanisms of 5HT-mediated effects on platelet function that have been 

proposed. Most recently serotonylation, or the covalent addition ofserotoninto small 

GTPase via transglutamination, has been postulated to be one of the mechanisms by which 

SSRIs reduce platelet activation leading to altered platelet activation (Diego J Walther et 

al. 2003; Hummerich et al. 2012; Guilluy et al. 2009). Walter et al. demonstrated that 

serotonylation is important are α-granule exocytosis by using citalopram to block acute 

SERT uptake. To better understand the effects of citalopram and other SSRIs acute effects 

on platelet function, we use a novel mouse model that is insensitive to citalopram 

(Nackenoff et al. 2015; Judith R Homberg 2011) . It has previously been established that 

SERT levels and uptake, as well as serotonin levels,  are normal, in the M172 mouse model, 

designed from drosophila SERT (Henry et al. 2006; B. J. Thompson et al. 2011). However, 

the SERT M172 mouse shows significantly reduced citalopram potency. We test the acute 

effect of blocking SERT function using platelets from the SERT M172 mouse model to 

determine if there is a non-SERT mediated effect of citalopram on platelet function.  

Through this work, we elucidate the acute role of SERT in platelet activation and function 

and test if acute treatment of SSRIs modulates platelet reactivity.  

 

Objectives 

 To determine if acute blockage of SERT with citalopram or other SSRIs 

alters platelet activation.  
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Results 

Validation of the SERT M172 model in platelets. The M172 mouse model show 

reduced potency for SERT with citalopram, we examined platelet 3H5HT uptake in platelets 

(Figure 14). We found that the wild-type SERT I172 mouse model demonstrated a logIC50 

of -9.893. The SERT M172, however, show a significantly increased IC50 at -7.138. These 

results show over a 100 fold decrease in the sensitivity of citalopram to block the SERT 

M172 platelet 3H5HT uptake. Previously, it has been determined that the SERT M172 

mouse model responded similarly to paroxetine blockage (J R Homberg et al. 2007; B. J. 

Thompson et al. 2011).  

, We decided to focus on two particular concentration of citalopram and paroxetine 

to examine the effect of citalopram and acute SERT inhibition on platelet function: 10nM 

and 10µM. We use 10nM for determining citalopram specific effect and 10µM to study 

platelet function using SSRI concentrations previously published in the literature. Using 

these two concentrations, we can distinguish the SERT-specific and non-SERT specific 

effect of SSRIs on platelet function.  

Citalopram effects on platelet function. To examine the effects of SSRIs on 

platelet function we looked at two major markers of platelet activation. JON/A is used as 

a marker for αIIbβ3 activation following agonist stimulation while an anti-P-selectin 

antibody was used measure surface P-selectin expression following α-granule exocytosis. 

We also examined platelet activation with two different strength agonists: ADP, a relatively 

weak agonist, and thrombin, a strong platelet agonist.   
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 We found that there was no effect on P-selectin expression with the 

stimulation of thrombin at 10nM in the presence of 10nM citalopram (Figure 14). However, 

there was a minimal but significant decrease in JON/A binding when 10nM citalopram was 

present. This effect was only observed in the I172 platelets but not the M172 platelets.  

These findings show that citalopram has an effect on platelet function at 10nM citalopram 

concentration following 10nM thrombin activation that is not seen in the M172 SERT 

mutation and suggests that this effect is SERT-specific. There was also no effect on either 

P-selectin or JON/A with 10nM citalopram following activation with ADP.  

Next, we examine platelet activation using the higher concentration of citalopram 

(10µM) that has been previously published in the literature and suggested to have an effect 

on platelet function (Figure 15). At this concentration of citalopram, which affects the 

M172 and I172 mouse platelets equally based on the curve shown in Figure 14, we see no 

effect on platelet reactivity with either thrombin or ADP (Figure 16). Additionally, we 

examined the effect of paroxetine on platelet activation using an alternative SSRI, 

paroxetine, which would affect both M172 and I172 SERT on platelets equally. We found 

that at either 10µM or 10nM paroxetine with either ADP or thrombin. These findings show 

no effect of paroxetine on platelet activation (Figure 17).   

Finally, we looked at another aspect of platelet function, platelet spreading (Figure 

18). We found that citalopram significantly reduced platelet spreading at high 

concentrations. However, it reduced platelet spreading in a non-genotypic manner between 

M172 and I172 SERT models. Both the M172 and I172 platelets show significantly 

reduced platelet spreading at 100nM and 1µM concentrations. These finding would suggest 

that citalopram has an effect on platelet spreading that is non-SERT mediated because there 
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is still a significant decrease in SERT specificity between the M172 and I172 SERT 

genotypes at 100nM citalopram.  

To see if there are any differences between mice and human platelets 

responsiveness to blockage of SERT uptake, we examine acute SERT inhibition in purified 

human platelets (Figure 19). PAC-1, which binding to the human αIIbβ3 activate 

conformation similar to the JON/A antibody, showed no effect with either citalopram or 

paroxetine below 100µM concentrations, far beyond the physiological range of SSRI 

concentration. However, we also examined aggregation in human platelet following 

stimulation with ADP in the presence of increasing concentration of citalopram. We found 

that ADP-mediated aggregation was reduced at 0.45nM, 4.5nM and 45nM treatment with 

citalopram (Figure 18). These findings mimic the effects observed in mouse platelets such 

that inside-out αIIbβ3 activation is not altered in the presence of SSRIs, but that outside-in 

functional regulation of αIIbβ3 is disrupted with citalopram is present. 
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Figure 12. Reduced sensitivity to blocking uptake of 3H5HT by M172 as compared to I172 

SERT mouse platelets with citalopram. Shown is the uptake rates of M172 and I172 

platelets normalized to non-citalopram treated controls. Nonlinear regression was used to 

determine IC50 values which were determined to be 1.27X10-10 for WT platelets and 

7.27X10-8 for M172 platelets. Experiments represent n=3 run in duplicate.  
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Figure 13. Acute treatment with 10nM citalopram reduces JON/A activation.Platelet were 

preincubated with citalopram for 5-10 minutes minutes prior to platelet acitivation with 

agonist. Tere was no difference in P-selectin expression +/- citalopram in either the M172 

or I172 mouse models (A). Ther was a significant decrease in I172 citaloprma treated 

platelets with thrombin for JON.A binding (Figure B: two-way ANOVA: Interaction: n.s., 

SSRI P=0.0011, SERTm P=0.0069, PBS:I172 vs citalopram: I172 P=0.0261*). No effect 

was seen with citalopram in either genotpe when activated with ADP (C ,D). 
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Figure 14. No effect of 10µM citalopram on platelet thrombin or ADP activation. To 

examine the effect of citalopram at a higher concentration we pre-incubated the platelet 

for 5-10 minutes with citalopram before activation. We found no major difference in 

activation with either ADP or thrombin in the presence of 10µM citalopram. (Two-way 

ANOVA, N=3 run in duplicate). 
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Figure 15. Paroxetine at 10nM or 10µM has no effect on platelet activation with ADP 

or thrombin. To examine the effect of paroxetine we preincubated the platelet for 5-10 

minutes with either 10nM or 10µM paroxetine before activation. We found no major 

difference in activation with either ADP or thrombin in the presence of paroxetine. (Two-

way ANOVA, n=3 run in duplicate). 

 



93 
 

 

Figure 16. Citalopram reduces platelet spreading in both M172 and I172 SERT mouse 

platelets equally, suggesting a non-SERT-dependent mechanism. A dose-response curve 

was done examining platelet spreading (Figure 20A). There was a statistically significant 

reduction in platelet spreading at 1X10-7 and 1X10-6 molar citalopram (Two-way ANOV: 

citalopram effect P,0.0001, PBS:I172 versus -7:I172 P=0.0379, PBS:M172 versus -

7:M172 P=0.0246, PBS:I172 versus -6:I172 P=0.0019, PBS:M172 versus -7:M172 

P=0.0318). This effect was repeated in a separate experiment comparing the platelet area 

in I172 (B) and M172 (C) respectively.  
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Figure 17. No effect of citalopram or paroxetine on human platelet activation put 

increasing concentrations of citalopram inhibit ADP-mediated platelet aggregation. 

There was no effect of either Paroxetine or citalopram on human platelet activation within 

a reasonable concentration (>10µM: Two-way ANOVA). However, There was a 

significant decrease in ADP-mediated human platelet aggregation with all concentrations 

shown (n=4).  
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Alternative effects of lost SERT function: Serotonylation of extracellular 

matrix proteins 

Abstract  

In the previous section, we establish that acute treatment of SSRIs do not alter 

platelet activation but that citalopram, on the type of SSRI, may have an off-target effect 

that reduces αIIbβ3-medaited outside-in signaling. Two alternatives possible mechanism 

that could explain the effect of sustained SSRI treatment on platelet function are 1) a role 

of serotonin in coagulation and 2) an alternative role of serotonin in platelet function. Here 

I will explore the first possibility by examining the serotonylation of peripheral proteins, 

in particular, the extracellular matrix protein fibronectin.  We then discuss what these 

finding could mean for acute versus chronic blockage of SERT function and the role of 

serotonin.  

 

Objectives  

 To determine if serotonylation as a possible molecular mechanism that could 

regulate extracellular matrix proteins 
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Results 

In the last section, we discussed how blocking acute uptake of SERT does not alter 

platelet activation but does seem to have an effect on platelet spreading. One possible 

alternative effect of blocked SERT uptake is increased extracellular serotonin 

concentrations. Relating back to serotonylation, we investigated if post-translational 

modification one extracellular matrix protein, fibrinogen. To study this effect we incubated 

increasing concentration of the enzyme TG2 with 100nM 3H5HT and 20µg fibronectin. We 

found that there was an increase in incorporation of 3H5HT onto fibrinogen with increasing 

levels of TG2 (Figure 18). We determined that this was an enzymatic process mediated by 

a transglutaminase by using the TGase inhibitor cystamine at 10mM concertation to block 

incorporation. These findings suggest that acute inhibition of SERT may increase 

extracellular serotonin concentration and possibly modify extracellular matrix proteins.  

.  

Figure 18. Serotonylation of fibronectin blocked by treatment with cystamine. 

Incorporation of 3H5HT in onto fibrinogen was measured. Samples were incubated with 

20µM fibronectin and 100nM 3H5HT. Increasing concentrations of TG2 was added to 

determine if the enzyme increased incorporation of the 3H5HT. We did see an increase of 

incorporation that was blocked with a TGase inhibitor cystamine (10mM).  
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Conclusion 

SSRIs and their acute versus chronic effect on platelet function 

When patients are chronically taking SSRIs, there is a significant reduction in 

serotonin content (approximately 66% lower) and reduced ADP, collagen or epinephrine-

induced platelet aggregation (10-51%) (Bismuth-Evenzal et al. 2012b). There are many 

contradictory findings that study the effects of long term SERT inhibition on platelet 

function (Tseng et al. 2010; Jedlitschky, Greinacher, and Kroemer 2012; Bismuth-Evenzal 

et al. 2012b; Schellander and Donnerer 2010; Ana Marin D Carneiro et al. 2008; Andrade 

et al. 2010; Maurer-Spurej, Pittendreigh, and Solomons 2004). In some reports, patients 

taking SSRIs do show a significant reduction in platelet aggregation and dense granule 

release in response to ADP when given acutely (Maurer-Spurej, Pittendreigh, and 

Solomons 2003). Acute treatment with citalopram showed reduced collagen-induced 

aggregation but not aggregation mediated by thrombin, U46619, and ionomycin (Tseng et 

al. 2010). These studies also found that acute treatment with citalopram also reduced α and 

dense granule exocytosis in response to collagen as measured by reduced p-selectin and 

adenosine triphosphate release, respectively. However, both of the previous studies 

mentioned use citalopram at concentrations ranging from 1µM-50µM, far outside the 

reported inhibitory concentration required to block SERT uptake (Tseng et al. 2010; 

Maurer-Spurej, Pittendreigh, and Solomons 2003; Tseng et al. 2013). A better 

pharmacological approach is required to elucidate the role of serotonin and SERT in 

platelet aggregation.  
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Acute inhibition of SERT functions in platelet activation 

Our data explores the effects of SSRI and SERT on platelet function. Overall, our 

results suggests that acute treatment with an SSRI has little to no effect on P-selectin 

expression as a measure of α-granule exocytosis. We did find a subtle SERT-dependent 

effect on αIIbβ3 –activation with the addition of citalopram in the presence of thrombin 

stimulation. We believe that this effect is citalopram specific because the same phenotype 

was not observed in the paroxetine-treated samples. Furthermore, it is unclear how 

physiologically relevant these finding are because the difference in αIIbβ3-activation was 

minimal with citalopram pre-treatment. Similar to the mouse experiments, there was no 

observed effect on the human platelets with either paroxetine or citalopram. However, in 

both the human and mouse platelets, there was an effect of citalopram on platelet spreading, 

although this was far beyond the concentration needed to block SERT uptake. These 

findings suggest that citalopram may modulate platelet outside-in αIIbβ3 signaling and or 

function in such a way that it disrupts function in a non-SERT specific manner.  

SSRIs are a major class of antidepressant drugs that are currently taken by 1 in 10 

Americans ages 12 and over (Lichtman et al. 2014). There are a number of SSRIs that are 

currently on the market including citalopram (Celexa and Cipramil) and paroxetine (Paxil 

and Seroxat). These two compounds in particular show distinct structural feature that both 

block SERT uptake (Gabrielsen et al. 2012). Both drugs are typically administered orally 

with a once a day dose that leads to blood concentration ranging from 0.1-1µM levels 

(Maurer-Spurej, Pittendreigh, and Solomons 2004; Serebruany et al. 2003; Worm et al. 

1998; Ostad Haji et al. 2011). Besides SSRIs central nervous system effects, it has been 

observed that SSRIs lead to a significant alteration in hemostasis (Andrade et al. 2010; 
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Schellander and Donnerer 2010; Wozniak et al. 2011; Bismuth-Evenzal et al. 2012b). From 

a pharmacological perspective, it is important to consider the effects of physiologically 

relevant concentrations of these SSRIs on platelet function to make an appropriate 

conclusion from experimental data. In particular, it is important to separate the role of lost 

serotonergic tone during platelet activation as compared to role of the SSRIs in blocking 

SERT function.  

Some of the SSRIs effects of bleeding include increased bleeding risk, protection 

from recurrent thrombotic events, and reduced platelet aggregation (Andrade et al. 2010; 

Schellander and Donnerer 2010; Bismuth-Evenzal et al. 2012b). The mechanisms of these 

effects are unclear. However, it has been reported that acute uptake of serotonin by SERT 

leads to the transamination of small GTPase proteins that are important for mediating α-

granule exocytosis (Diego J Walther et al. 2003). Our data suggest that blocking SERT as 

concentrations that inhibit uptake of serotonin does not alter α-granule exocytosis as 

determined by P-selectin surface expression. It has also been shown that citalopram inhibits 

collagen-induced platelet aggregation at 50µM when given acutely, but it is likely that this 

a non-SERT dependent mechanism based on our finding with the M172 citalopram-

insensitive mouse model(Tseng et al. 2010). These findings suggest a non-SERT dependent 

effect on platelet function from high citalopram treatment occurs possibly due to an off-

target effect of citalopram beyond the therapeutic range. 

 

Possible off-target effects of citalopram   

SSRIs and SNRIs are a pharmacological upgrade from the tricyclic antidepressant 

initially developed (M. J. Owens et al. 2001). However, these drugs still have numerous 
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and notorious off-target effects(Bonnin et al. 2012). Additionally the response rate or only 

~50% and a remission rate of ~30% in the SSRI citalopram (Francesc Artigas 2013). As a 

group, SSRIs have a response rate of 60% ad a remission rate of 40% (Thase, Entsuah, and 

Rudolph 2001; Tollefson and Holman 1994).  

One major off-target effect of citalopram that is non SERT-dependent of activation 

of sigma-1 receptors (Bonnin et al. 2012; Maurice and Su 2009). Currently, it is not known 

if sigma-1 receptors are expressed by platelets. Citalopram has little to no effect on 

noradrenergic receptors but does have the highest affinity for histamine H1 receptors(M. 

J. Owens et al. 2001). As additional consideration for in vivo experiments, citalopram has 

three active metabolites that many contribute to pharmacological effects (Bezchlibnyk-

Butler, Aleksic, and Kennedy 2000). The dosing range for citalopram is no greater that 

40mg/day for patients. This concentration was corrected from 60mg/day following the 

FDA announcements that citalopram causes dose-dependent QT interval prolongation. For 

citalopram efficacy, it is suggested that only ~8% of SERT much be occupied, and this 

requires a concentration of 50ng/mL (154.13 nM) (Ostad J Clin Psych 2011). This supports 

the in vitro evidence that citalopram as non-SERT targets in vivo.  

Citalopram has a high affinity for SERT as compared to other transporters with a 

Ki value of 9.6nM as compared to NET, which is one off-target effect seen with citalopram 

(Ki of 5,029nM) (J. M. Owens, Knight, and Nemeroff 2016). There are a number of other 

receptors that citalopram can hit such as 5HT2C receptor at 2,051nM (M. J. Owens et al. 

2001; J. M. Owens, Knight, and Nemeroff 2016), the α1 receptor adrenergic receptors at 

1,211nM (smooth muscle cells), the M1, muscarinic acetylcholine receptor (cholinergic 

receptor) receptors at 1430nM, and the H1 histamine receptor at 283nM (Besnard et al. 
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2012). Platelets express the α2 adrenergic receptor that participates in platelet aggregation 

which could explain some of the non-specific effects of citalopram (K.-P. Shen et al. 2008). 

Platelets do not appear to express M1 receptors but may express the histamine H1 receptor 

which has been shown to modulate platelet aggregation(Petríková et al. 2006; Masini et al. 

1998). However, future experiments are required to examine this hypothesis.   

In this chapter, we have attempted in this chapter to determine the SERT-dependent 

versus SERT-independent effects of SSRIs on platelet function. We have observed a 

minimal effect of SSRIs on platelet activation following agonist stimulation. These finding 

would suggest that at concentrations of SSRIs that are sufficient to block SERT uptake do 

not significantly alter platelet activation. Instead, we find that treatment with SSRIs, 

particularly at higher concentrations, lead to altered platelet spreading. Therefore in 

Chapter 2, we explore how long-term inhibition of SERT leads to an alteration in 

serotonergic signaling, through 5HT2AR on platelets. However, in the following section, I 

will discuss some alternative mechanism through which serotonin may be acting related to 

serotonin.  

 

Insight on the alternative mechanisms of serotonin 

There are two major classes of proteins that can compose the extracellular matrix 

proteins (Watson 2009; Dees et al. 2011; Chavakis et al. 2002). One set of these proteins 

include the polysaccharide chains that fall within the group glycosaminoglycans (Rajtar et 

al. 1993). These proteins are typically found linked to other proteins in the form of 

proteoglycans and have shown susceptible to serotonylation (Mercado and Kilic 2010). 

The second form of extracellular matrix proteins includes fibrous proteins including 
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collagen, elastin, fibronectin, and laminin. Not only are these proteins found in the blood 

and vasculature but they also play a significant role in platelet function.  

In a report published by Mercado et al. They show that increased plasma levels 

accelerate aggregation resulting in a hypercoagulable state (Mercado et al. 2013; Ziu et al. 

2012). In the condition of increased plasma serotonin levels, there is also an increase in 

platelet surface proteins showing increased N-glycans. In these experiments, they infused 

the mice with serotonin in both the 5HT-infused mice and serotonin transporter KO mice 

and suggested that altered extracellular concentration could lead to increased Cytidine 

monophosphate-N-acetylneuraminate hydroxylase activity that promotes a change in the 

surface N-glycan content on the platelet surface.  

Similar to these finding, serotonylation of extracellular matrix proteins like 

fibronectin could modulate platelet attachment and spreading. The connection between 

extracellular matrix serotonylation and platelet spreading could be one possible mechanism 

linking the SSRIs on platelet function in association with the protective effect for SSRIs in 

cardiovascular disease (Wozniak et al. 2011; Tseng et al. 2013; Tseng et al. 2010). We 

have demonstrated that fibronectin is able to undergo serotonylation with TG2 and is 

reversible with cystamine, a transglutaminase inhibitor. Further work in needed to clarify 

the role of extracellular serotonylation and its physiological consequences.   
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CHAPTER 4 

ROLE OF THE 5HT2A RECEPTOR IN PLATELET ACTIVATION 

Introduction 

Neurons and platelets store serotonin in vesicles (Nirenberg et al. 1995; Rudnick 

1977; Höltje, Winter, Walther, et al. 2003). These vesicles can be released in a regulated 

manner leading to physiological effects via cell surface receptor or alternative mechanisms. 

Upon platelet activation, granules are secreted, potentiating aggregation and clot 

formation. In particular, serotonin, located within dense granules, can activate the serotonin 

receptor subtype 2A (5HT2A) in platelets, which is a Gαq protein-coupled receptor, leading 

to Ca2+  influx in the cell (Offermanns 2006). In neurons, there are many different types of 

receptors with differential distribution. Furthermore, the distribution of serotonin receptor 

subtypes in the brain can change over time, for example with age (Lambe et al. 2011). One 

report showed that 5HT2AR binding changes with depression but also decreased 

significantly with age in multiple areas but less so in the hippocampus (Mintun et al. 2004). 

In addition to activating cell surface receptors, serotonin has been shown to have action 

intracellular through serotonylation, although the implication of this mechanism remains 

controversial (Diego J Walther et al. 2003). A common theme in both neurons and platelets 

is that serotonin is taken into the cell by SERT(Beikmann et al. 2013). SERT not only 

regulates the level of serotonin the extracellular space but secondarily the duration and/or 

presence of the serotonergic activation in both platelets and neurons. In this chapter, I will 

discuss the impact of the genetic deletion of SERT and the known phenotypic effects.  
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Serotonergic receptors  

While serotonin levels are determined by SERT function, serotonin’s action is 

dependent on recognition by plasma membrane receptors that transmit signals from the 

extracellular surface. Serotonin mediates its function through activation of a number of 

different receptors (M. Berger, Gray, and Roth 2009; Francesc Artigas 2013). In total there 

are seven different groups of serotonergic receptors (Barnes and Sharp 1999). Some of 

these groups have multiple subtypes for a total of thirteen different serotonergic receptors 

(M. Berger, Gray, and Roth 2009). Using a combination of approaches, it has been 

established that most of the serotonin receptors are GPCRs that span the membrane seven 

times and initiate their singling through binding to G-proteins. The one exception is 5HT3 

which is a ligand-gated ion channel (Steiner, Carneiro, and Blakely 2008; S. M. Stahl et al. 

2013). The extensive work on serotonergic receptor function as benefited from specific 

pharmacological activation or inhibition to delineate function. Below I will outline the 

different receptors that are implicated in serotonergic activation (Figure 19). However 

much more extensive reviews are available (Barnes and Sharp 1999). 

Initially, the 5HT1 receptor was characterized by observing 3H5HT binding that was 

partially blocked with spiperone (Peroutka and Snyder 1979).  The 5HT1 receptor is a 

GPCR that is Gαi/o protein coupled. This leads to decreased cellular levels of cAMP and is 

typically considered to be inhibitory (S. M. Stahl et al. 2013).  There are a number of 

different isoforms of the 5HT1 receptor. 5HT1a receptor and the 5HT1b receptor is found in 

blood vessels and CNS. Within the CNS is has a known role in addiction, aggregation, and 

anxiety phenotypes as an autoreceptor that inhibits further serotonin secretion from post-

synaptic neurons. It modulates a number of other functions in the periphery including blood 
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pressure, cardiovascular function, heart rate, and vasoconstriction (M. Berger, Gray, and 

Roth 2009; S. M. Stahl et al. 2013). In the periphery, it has been demonstrated that 

activation of 5HT1A leads to an increased in ACTH, corticosteroids and prolactin (Gilbert 

et al. 1988; Gartside et al. 1995). Other receptor isoforms include the 5HT1D  receptor is 

also found in blood vessels and CNS and is known to regulate anxiety vasoconstriction 

locomotion. Finally, the 5HT1E receptor is found in blood vessels and CNS and serotonin1F 

receptor that are in the CNS and known to play a role in migraines.  

 

Figure 19. Types of serotonergic receptors and their signaling.(Ohno et al. 2015) 

The 5HT2 receptor is also a GPCR but is a Gαq/G11- protein coupled receptor (Miller, 

Mariano, and Cruz 1997; Przyklenk et al. 2010a; F. Cerrito et al. 1993a; S. M. Stahl et al. 

2013). It is also known that it can also be coupled to Gα13 or can signal through alternative 

pathways such as β-arrestin (Figure 20) (Schmid, Raehal, and Bohn 2008; Bohn and 

Schmid 2010; Schmid and Bohn 2010; E. L. Stahl et al. 2015; Coffa et al. 2011). Conical 

Gαq activation leads to increases in cellular levels of IP3 and DAG that are typically 
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excitatory. The 5HT2AR is found in blood vessels, CNS, GI tract, platelets, PNS, smooth 

muscle and have a known role in addiction, anxiety, appetite, cognition, imagination, 

learning, memory, mood, perception, sexual behavior, sleep, thermoregulation, 

vasoconstriction. For the serotonin2A receptor that is a number of different agonists 

including  251-NBOMe (full agonist), 2C-B, 5-MeO-DMT, BZP, Bufotenin, DMT, DOM, 

Ergonovine, Lisuride, LSD, mescaline, myristicin, PNU-22394 (partial agonist), Psilocin, 

Psilocybin, TFMPP (partial agonist or antagonist). There are also a number of antagonists 

that can act on the 5HT2A receptor including aripiprazole, asenapine amitriptyline, 

clomipramine, cyproheptadine, eplivanserin, etoperidone, haloperidol, hydroxyzine, 

Ketanserin, Methysergide, Mianserin, Mirtazapine, Nefazodone, Pimavanserin, Pizotifen, 

Ritanserin, Trazodone, Yohimbine. However, as signaling bias between different ligands 

has been established for 5HT2AR activation, as well as inhibition, future studies are 

necessary to explore the full signaling dynamics of the 5HT2A receptor. An overview of 

the agonists and antagonists that act on the 5HT2A receptor can be found in a number of 

current reviews and articles (Francesc Artigas 2013; M. Berger, Gray, and Roth 2009; 

Schmid, Raehal, and Bohn 2008).   

The vast array of different agonist and antagonist for the 5HT2A receptor are 

important because some of this agonist and antagonists show biased signaling and 

divergent effects on the desensitization and internalization of the 5HT2A receptor (Schmid, 

Raehal, and Bohn 2008; Bohn and Schmid 2010; Schmid and Bohn 2010). Additionally, 

there are atypical antipsychotics: clozapine, olanzapine, quetiapine. Risperidone, 

ziprasidone that acts on the 5HT2A receptor and mediated clinical effects(Sauer, Berlin, and 

Kimmel 2003; S. M. Stahl et al. 2013). Atypical antipsychotics (antagonists), Psychedelics 
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(partial agonists), NaSSAs (antidepressants and anxiolytics; they serve as antagonists at 

this site), Treating serotonin syndrome (antagonists; e.g. cyproheptadine), Sleeping aid 

(antagonists; e.g. trazodone) all modulate the 5HT2A receptor leading to a diverse array of 

physiological outcomes.  

 

 

Figure 20. Alternative signaling from the 5HT2AR. Alternative signaling downstream of 

5HT2AR activation is shown. G12/13 signaling leads to PLA2 activation as shown in green. 

Canonical Gq signaling leads to PLC activation and Src activation as shown in orange. 

PLA promotes IP3 and DAG production. Src activates Rho kinases as well as a number of 

other actions that leads to ERK phosphorylation. Finally, β-arrestin signaling following 

receptor activation leads to an alternative signaling cascade shown in blue. This pathway 

results in PKC and AKT activation.  

There is also the 5HT2B receptor that is expressed in blood vessels, CNS, GI tract, 

PNS, smooth muscle. The 5HT2B receptor is important in Anxiety,  appetite, cardiovascular 
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Function, GI motility, sleep, vasoconstriction and migraine pathology (Barnes and Sharp 

1999). The Agonists of the 5HT2B receptor includes BW-723C86, Fenfluramine, MDMA, 

Norfenfluramine, PNU-22394 (Partial agonist), Ro60-0175. Antagonists and the 

serotonin2B receptor include Agomelatine, Asenapine, BZP, Ketanserin, Methysergide, 

Ritanserin, RS-127,445, Tegaserod, Yohimbine. 

Finally, the 5HT2C receptor that is found in blood vessels, CNS, GI tract, PNS, 

smooth muscle. Addiction. These receptors may have a role in modulating anxiety, 

appetite, GI motility. Furthermore, these receptors can also bind a number of other 

monoamines including norepinephrine and dopamine that mediated locomotion, mood, 

penile erection, sexual Behavior, sleep, thermoregulation, vasoconstriction (Barnes and 

Sharp 1999). Agonist of the 5HT2C receptor agonists include A-372,159, AL-38022A, 

Aripiprazole, Ergonovine, Lorcaserin, PNU-22394 (Full agonist), Ro60-0175, TFMPP, 

Trazodone (hypnotic), YM-348. The 5HT2C receptors antagonists include Agomelatine 

(antidepressant), Amitriptyline, Asenapine, Clomipramine, Clozapine (antipsychotic), 

Cyproheptadine, Dimebolin, Eltoprazine, Etoperidone, Fluoxetine, Haloperidol, 

Iloperidone, Ketanserin (antihypertensive), Lisuride, Methysergide, Mianserin, 

Mirtazapine, Nefazodone, Olanzapine, Paroxetine, Quetiapine, Risperidone, Ritanserin, 

Tramadol, Trazodone, and Ziprasidone.  

The remaining serotonin receptors include the 5HT3, which is a ligand-gated ion 

channel. This ion channel, which is found in the CNS, GI, and PNS, is a ligand-mediated 

gate that allows Na+ and K+ cation channel. This leads to the depolarization of the plasma 

membrane and an excitatory effect. There is also the 5HT4 receptor, which is a GPCR that 

is Gαs-protein coupled leading to increased cellular cAMP levels and is typically excitatory 
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and found in the CNS, GI, PNS. The 5HT5 receptor is also a GPCR this is a Gαi/o leading 

to decreased cellular levels of cAMP and is inhibitory. The 5HT5A receptor in the CNS and 

the 5HT5B receptor that is only found in rodents, the serotonin6 receptor which is a GPCR-

Gαs increasing cellular cAMP level, excitatory in the CNS, the 5HT7 receptor that is also 

Gαs-protein coupled and found in blood vessels, CNS, and the GI.  

 

Platelet serotonergic receptor: 5HT2AR 

The 5HT2A receptor is the only serotonergic receptor found on platelets. Its 

inhibition has proved beneficial in a number of circumstances to reduce platelet 

function(Bush et al. 1984). It has been long known that 5HT2A receptor antagonist inhibits 

serotonin-dependent platelet aggregation and in cyclic flow for stenosed arteries (Ashton 

et al. 1986; Przyklenk et al. 2010b). However, they have not been introduced as an anti-

platelet drug in the clinic, although many have been developed(Adams et al. 2009; 

Przyklenk et al. 2010a; Pawlak et al. 1998; Ogawa et al. 2002; Herbert et al. 1993; N. Li et 

al. 1997; De Clerck et al. 1990). 5HT2A antagonist has been shown to inhibit serotonin-

potentiated platelet aggregation in PRP in humans and many other species in vitro and ex 

vivo and reduced serotonin-stimulates thrombus formation in mice in vivo. These studies 

show that aggregation induced by physiologically relevant agonists such as collagen, ADP, 

thrombin, and epinephrine can be reduced by 5HT2A receptor antagonists in vitro and ex 

vivo in a model of coronary occlusion in dogs. However, these results are conflicting (F. 

Cerrito et al. 1993b; van EE and van Oene 1991). Some have shown that 5HT2AR inhibitors 

like ketanserin have been able to block aggregation and are protective for coronary patency 

in a model of recurrent thrombosis while other show no effect (Przyklenk et al. 2010a; van 
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EE and van Oene 1991). In order to better understand the role of serotonin in platelet 

function further analysis and experimentation are required.  

 

Loss of SERT and the consequences on 5HT2AR 

In the periphery, serotonin is produced by enterochromaffin cells in the 

gastrointestinal tract, released into the plasma, and quickly taken up by platelets via the 

serotonin transporter (SERT). Following uptake, serotonin is stored in dense granules by 

the actions of the vesicular monoamine transporter 2 (VMAT2) (Brenner et al. 2007; 

Matondo et al. 2009; Beikmann et al. 2013; Bismuth-Evenzal et al. 2012b). Chronic 

inhibition of SERT through selective serotonin reuptake inhibitors (SSRIs) (e.g. citalopram 

and paroxetine) leads to dramatically reduced platelet serotonin granule content (Ana 

Marin D Carneiro et al. 2008; Abdelmalik et al. 2008). This leads to altered peripheral 

serotonin homeostasis and potentially modifying multiple physiological processes 

including hemostasis (Namkung, Kim, and Park 2015; Hranilovic et al. 2011; Blazevic et 

al. 2015b; Amireault, Sibon, and Côté 2013). Clinically, increased bleeding risk has been 

observed in patients taking SSRIs, and platelet aggregation are disrupted (Tseng et al. 2010; 

Ana Marin D Carneiro et al. 2008). Within this chapter, I will discuss our characterization 

of two distinct mouse models of lost SERT function, with results suggesting that sustained 

loss of SERT function affects the mechanisms of hemostasis.  

Dense-granules contain serotonin along with other platelet agonists including 

adenosine diphosphate (ADP), thromboxane (TXA2), and histamine. Appropriate platelet 

activation depends on the timely release of these factors (Ana Marin D Carneiro et al. 2008; 

E. Cerrito et al. 1993; Bismuth-Evenzal et al. 2012b). Platelet aggregation is an crucial 
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early step in thrombus formation (Ana Marin D Carneiro et al. 2008; Thompson, Scrutton, 

and Wallis 1986; Bismuth-Eventuzal et al. 2012). Aggregation, which is the bridging of 

platelet-platelet contacts, requires a conformational switch in αIIbβ3 leading to activation 

and fibrinogen binding. serotonin has been shown to enhance aggregation in a 5HT2A 

receptor-dependent manner (Mercado et al. 2013; Bismuth-Evenzal et al. 2012b; O. a. Lin 

et al. 2014; Adams et al. 2009; Przyklenk et al. 2010a).  The 5HT2AR is the only 

serotonergic receptor found on platelets and potentiates platelet responses to weak agonists 

like ADP (N. Li et al. 1997). Sub-threshold concentrations of two different platelet agonists 

can exert a synergistic effect on platelet activation. One example includes dual ADP and 

serotonin activation leading to increases in cytosolic [Ca2+] (Thompson NT, Scrutton MC 

1986). However, the role of serotonin during in vivo hemostasis remain unclear, 

particularly in the context of chronic SERT inhibition.  

In order to elucidate the underlying mechanisms of SSRI effects on platelet 

aggregation, a better understanding of acute versus chronic inhibition of SERT function 

during platelet activation is required (Chapter 3). Acute and chronic blockage of SERT 

function result in distinct scenarios in terms of the effects on serotonin homeostasis. Acute 

inhibition of SERT blocks the amount of serotonin carried into the cytosol during platelet 

activation while chronic blockage of SERT slowly depletes platelet serotonin levels 

resulting in reduced whole blood serotonin, a loss of serotonin secretion, and serotonin 

signaling during platelet activation. Some have shown that acute SERT-mediated serotonin 

uptake modulates platelet function(Diego J Walther et al. 2003; Hummerich and Schloss 

2010), in part through the transamination of small GTPase proteins essential for platelet α-

granule exocytosis. However, our results suggest that there is little to no effect of acute 
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SSRI treatment on platelet activation. However, citalopram may have an off-target effect 

that modulates platelet spreading.  Therefore, in the current chapter, I will explore the 

results of long-term (6-day) citalopram treatment on platelet activation. These studies 

examine how altered serotonin homeostasis alters platelet reactivity.  

In this study, we investigated the mechanisms by which chronic inhibition of SERT 

alters hemostatic function using two independent models (SERT-/- and 6-day citalopram 

treatment). We hypothesize that the bleeding effects noted with the disruption of SERT 

function are due to altered 5HT2AR signaling during platelet activation. Indeed, we found 

that mice that are lacking SERT function display a bleeding phenotype that can be rescued 

by the addition of wild-type platelets. Furthermore, we found that ADP-mediated αIIbβ3 

activation was reduced in SERT-/- and citalopram-treated platelets due to loss of 5HT2AR 

signaling and surface expression.   
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Loss of serotonin transporter function alters ADP-mediated αIIbβ3 

activation through dysregulation of 5HT2A receptor. 

Abstract 

Reduced platelet aggregation and a mild bleeding phenotype have been observed 

in patients chronically taking selective serotonin reuptake inhibitors (SSRIs) that block the 

serotonin transporter (SERT). Here we report that both SERT-/- mice and mice treated with 

citalopram for 6-days have similar bleeding phenotypes. Following transfusion of wild-

type (WT) gel-filtered platelets into SERT-/- mice, SERT-/- bleeding times were reduced to 

WT levels suggesting defects in platelet function were contributing to the bleeding 

phenotypes. We examined platelet function by αIIbβ3 activation (JON/A binding) and P-

selectin expression (CD62p binding). ADP-mediated αIIbβ3 activation was reduced in 

SERT-/- platelets. Acute treatment of platelets with SSRIs (paroxetine and citalopram) to 

prevent serotonin uptake during activation did not alter ADP-mediated αIIbβ3 activation.  

5HT2AR antagonists (ketanserin and methysergide), on the other hand, significantly 

reduced ADP-mediated αIIbβ3 activation. These findings suggest that serotonin synergizes 

with ADP through 5HT2AR activation, but not acute SERT uptake. Compared with WT 

platelets, SERT-/- platelets displayed reduced serotonin enhancement of ADP-mediated 

αIIbβ3 activation, likely due to reduced 5HT2AR cell surface levels. These data suggest that 

acute function of SERT does not alter ADP-mediated αIIbβ3 activation, but that sustained 

loss of SERT function leads to reduce surface expression of 5HT2AR and ultimately 

reduced serotonin2AR mediated synergy with ADP-mediated αIIbβ3 activation. Our data 

suggests that the bleeding phenotypes in SERT-/- and 6-day citalopram-treated mice results 

from reduced 5HT2AR surface expression. Additionally, this data advocates that the 
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reduced platelet aggregation seen in patients treated with SSRIs could arise from the loss 

of 5HT2AR synergy with ADP warranting investigation of the 5HT2AR as a potential 

antithrombotic target. 

   

Objectives 

 To determine the effects of sustained SERT inhibition on platelet function 

 To determine how serotonin modulates platelet activation  
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Results 

Decreased serotonin content in platelets isolated from SERT-/- and citalopram-treated 

mice parallels bleeding phenotype. 

Mice treated with citalopram for 6 days have reduced whole blood serotonin levels 

and increased tail-bleed time. To determine if SSRIs alter blood serotonin homeostasis, 

mice were exposed to citalopram-treated water for 6 days, one day beyond the lifetime of 

a circulating platelet in a mouse (Malyszko et al. 1994). We used high-performance liquid 

chromatography (HPLC) to measure whole blood levels of serotonin and its major 

metabolite 5-HIAA (5-Hydroxyindoleacetic acid). Whole blood from wild-type mice 

undergoing citalopram-treatment (Cit-t) showed reduced serotonin levels as compared to 

water-treated (Water-t) controls (Figure 21A). No significant difference in 5-HIAA levels 

was found between Water-t and Cit-t samples (Figure 21B). To determine if citalopram 

treatment alters hemostasis, we performed a tail bleed assay. We discovered that 

citalopram-treated mice exhibited a significantly longer tail-bleed time as compared to 

water-treated controls (Figure 21C). These findings indicate a phenotypic association 

between reduced serotonin levels and increased bleeding time in mice treated with SSRIs.  

Reduced serotonin whole blood levels and increased tail-bleed times in SERT-/-. We 

observed very minimal measurable serotonin in SERT-/- platelets (Figure 21D.). Similar to 

whole blood samples isolated from citalopram-treated mice, there was no significant 

difference in 5-HIAA between SERT+/+ and SERT-/- mice (Figure 21E.). We found that 

bleeding time was significantly increased in SERT-/- mice as compared to SERT+/+ (Figure 

21F). These data show that SERT function modulates whole blood serotonin levels and 

that SERT inhibition is associated with increased bleeding time.  
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Bleeding in SERT-/- mice is rescued by transfusion of SERT+/+ platelets   

As serotonin potentiates platelet activation and previous studies have shown that 

SERT function alters platelet aggregation (Ana Marin D Carneiro et al. 2008), we 

investigated whether the SERT-/- bleeding phenotype resulted from platelet functional 

defects. We first measured the number of platelets in SERT-/- and SERT+/+ whole blood 

samples. No significant difference in the number of platelets was observed between 

genotypes (Figure 22A). To determine if the addition of SERT+/+ platelets rescued the 

SERT-/- bleeding phenotype, mice were transfused with gel-filtered platelets resuspended 

in saline via jugular vein injection. Tail-bleed was performed three minutes after 

transfusion of SERT+/+ platelets to SERT+/+ and SERT-/- mice (Figure 22B). In control 

experiments, saline-transfused SERT-/- mice showed a significantly longer tail bleed time 

as compared to SERT+/+ mice. We found that addition of gel-purified platelets (2X107 in 

200μL of saline) to SERT+/+ mice did not significantly alter tail-bleed time. The difference 

in SERT+/+ and SERT-/- bleeding time was abolished following platelet transfusion, 

indicating hemostasis was rescued in SERT-/- mice. These findings support the conclusion 

that the bleeding phenotype of the SERT-/- mice results from a defect in platelet function.   

 

ADP-mediated αIIbβ3 activation is reduced in SERT-/- platelets. 

SERT-/- platelets respond normally to thrombin. Gel-filtered platelets from SERT+/+ 

and SERT-/- mice exposed to 10nM and 200nM thrombin had similar αIIbβ3 activation as 

measured by JON/A binding (Figure 23A). Following thrombin stimulation, there were no 

significant differences between the    SERT-/- and SERT+/+ platelet P-selectin expression 
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(CD62p binding) following post-tests analysis (Figure 23B). These findings reveal that 

platelet activation with thrombin is not altered in SERT-/- platelets.  

SERT-/- platelets have reduced ADP-mediated αIIbβ3 activation. We next tested 

ADP platelet activation in SERT-/- platelets. We found that 10μM, but not 1μM ADP-

mediated αIIbβ3 activation is significantly reduced in the SERT-/- platelets (Figure 23C). 

No difference in P-selectin expression was observed in SERT-/- or SERT+/+ platelets 

(Figure 23D). These data demonstrate that loss of SERT function leads to a deficiency in 

the ADP-mediated inside-out signaling that triggers activation of αIIbβ3.  

 

5-HT2AR stimulation enhances ADP-mediated αIIbβ3 activation. 

To examine the role of serotonin in ADP-mediated platelet activation, we 

distinguished the role of two plasma membrane proteins that are responsive to serotonin in 

platelets: SERT and the 5-HT2AR. We performed a dose-response curve with citalopram 

and paroxetine, two structurally distinct SSRIs, and found that they block intact 3H5-HT 

platelet uptake with an IC50 of 1.5X10-11 and 1.3X10-11, respectively (Figure 24A). Platelet 

activation with 1μM and 10μM ADP was examined with the addition of either 5-HT2AR 

antagonists (ketanserin and methysergide) or SERT inhibitors (citalopram and paroxetine) 

5 minutes before ADP activation. Both ketanserin and methysergide treatment significantly 

reduced ADP-mediated activation at 1μM (Figure 24B). Acute inhibition of serotonin 

uptake by SERT with citalopram (10nM) or paroxetine (10nM) had no effect on ADP-

mediated αIIbβ3 activation despite effectively blocking SERT-mediated serotonin uptake. 

These data reveal a role for 5-HT2AR activation, but not serotonin uptake, in ADP-mediated 

αIIbβ3 inside-out activation.   
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SERT-/- platelets have reduced ADP-5-HT synergy. To explore the role of 5-HT2AR 

signaling in the context of the SERT-/- model, we examined JON/A binding to activated 

IIb3 in the context of simultaneous serotonin and ADP receptor stimulation. serotonin 

alone was unable to elicit activation of the IIb3 integrins at either 1μM or 10μM 

concentration in either SERT+/+ or SERT-/- platelets (Figure 24C). However, using a 

submaximal concentration of ADP (1μM), we observed that 10μM serotonin potentiated 

the ADP-mediated activation of αIIbβ3 in SERT+/+ platelets.  serotonin was unable to 

potentiate ADP-mediated platelet activation in SERT-/- platelets (Figure 24D). In a separate 

experiment we found that incubation with ketanserin prevented the 5-HT-dependent 

potentiation of IIb3 activation in SERT+/+ platelets (Figure 24E). These results 

demonstrate that submaximal stimulation of ADP receptors is potentiated by co-

stimulation of 5-HT2AR, which synergizes to mediate αIIbβ3 inside-out activation. 

Additionally, these data indicate a defect in 5-HT2AR signaling within SERT-/- platelet. 

 

SERT-/- platelets have reduced 5-HT2AR surface expression. 

ADP levels and ADP receptor expression are retained in SERT-/- platelets. We first 

explored whether the loss of ADP-mediated αIIbβ3-activation was due to a deficit in ADP-

dependent signaling. We examined ADP receptor (P2Y1 and P2Y12) expression levels via 

3HADP binding that was competitively blocked with ADP-receptor specific antagonists. 

This assay was optimized in SERT+/+ platelet membrane preparations and shown as percent 

of total 3HADP binding blocked in the presence of  PIT (2,2'-pyridylisatogen tosylate) a 

P2Y antagonist, (Figure 25A). Competitive inhibition with MRS2179 (P2Y1 specific 

antagonist), and ticagrelor (P2Y12 specific antagonist, were used to determine relative 
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receptor binding in SERT+/+ and SERT-/- platelet membrane preps (Figure 26B, C). P2Y1 

accounted for approximately 46.42% of 3HADP binding while P2Y12 accounted for 

approximately 55.89% of total 3HADP binding. Inhibition at 1μM for both MRS2179 and 

ticagrelor was used to determine %3HADP binding to P2Y1 to platelet membranes. We 

found no statistically significant difference in either P2Y12 (Figure 25E) or P2Y1 (Figure 

25F) binding between SERT+/+ and SERT-/- membrane preparations. Additionally, we 

measured whole blood ADP levels using an ELISA and observed no difference between 

SERT+/+ or SERT-/- preparations (Figure 25G). These data demonstrate that the ADP whole 

blood levels and receptor numbers are not different in SERT-/- platelets. 

5-HT2AR G-protein activation and surface expression levels are reduced in SERT-

/- platelets. Based on our findings, the 5-HT2AR plays an important role in ADP-mediated 

αIIbβ3 activation and this effect is reduced in SERT-/- platelets. Therefore, we purified 

platelet membranes and measured 35SGTPyS incorporation to 5-HT2AR following 

activation with DOI, a 5-HT2AR-specific agonist. We observed a significant reduction in 

35SGTPyS incorporation to SERT-/- membrane preparations as compared to SERT+/+ 

(Figure 25. n=8, P=0.0002: Mann-Whitney). To determine if this reduction in G-protein 

activation was caused by reduced 5-HT2AR surface expression we used radiolabeled 

3Hketanserin to measure surface levels of the 5-HT2AR on intact platelets. A saturation 

curve was performed to examine the number of surface receptors (Bmax) of 5HT2AR 

(Figure 25). SERT-/- platelets showed significantly reduced Bmax for 5-HT2AR surface 

levels as compared to those observed in SERT+/+ platelets (Figure 26J). These results show 

reduced 5-HT2AR signaling in SERT-/- platelets, likely resulting from reduced 5-HT2AR 

surface expression.   
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Citalopram-treated platelets recapitulate the SERT-/- platelet phenotype. 

Citalopram-treated platelets have reduced ADP-mediated αIIbβ3 activation and 

reduced 5-HT2AR surface expression. To determine if we could recapitulate the loss of 5-

HT2AR surface expression using an alternative model of lost SERT function we treated 

mice with chronically with citalopram for 6-days. Similar to SERT-/- platelets, citalopram-

treated platelets showed reduced ADP-dependent IIb3 activation compared to water-

treated controls (Figure 26A). In control, water-treated mouse platelets αIIbβ3 activation 

by ADP was enhanced by 5-HT, whereas serotonin potentiation of ADP signaling was 

absent in citalopram-treated mouse platelets (Figure 26B). Furthermore, 5-HT2AR levels 

were reduced in platelets isolated from citalopram-treated mice (Figure 26C). These 

findings establish that 6-day treatment with SSRI is sufficient to reduce platelet expression 

of 5-HT2AR and decrease the capacity of platelets to be synergistically activated by ADP 

and 5-HT.  Additionally, these findings demonstrate that the loss of 5-HT2AR surface 

expression and platelet function in SERT-/- mice is not due to loss of the SERT protein but 

rather, results from sustained loss of SERT function. Finally, to test if premature exposure 

to serotonin could alter ADP-mediated αIIbβ3 activation, wild-type platelets were 

incubated with serotonin (10µM) for 15 minutes, washed and resuspended. They were then 

activated with 10µM ADP, and JON/A binding was measured (Figure 26D). We found that 

platelets pre-treated with serotonin for 15 minutes lost ADP-mediated αIIbβ3 activation 

similar to both SERT-/- and citalopram-treated platelets. These results suggest that the pre-

activation or possible desensitization of the 5HT2AR reduces platelet ADP-mediated αIIbβ3 

activation. 
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Figure 21. Decreased serotonin content in SERT-/- and citalopram-treated mice 

associated with bleeding phenotype. serotonin and 5-HIAA were measured using HPLC 

from whole blood samples in both citalopram-treated platelet (Water n=7: Cit. n=8, A, B) 

and SERT-/- mice (SERT+/+n=11: SERT-/- n=14, D, E).  Both citalopram-treated 

(P=0.0003***; Mann-Whitney test) and SERT-/- mice (P<0.0001****; Mann-Whitney 

test) have a significant reduction in serotonin levels but no significant change in 5-HIAA. 

Tail-bleed time (C, F) was also performed in citalopram-treated (Water n=6: Cit. n=6) 

and SERT-/- mice (SERT+/+ n=11: SERT-/-n=8). Both citalopram-treated mice 

(P=0.0087**; Mann-Whitney test) and SERT-/- mice (P=0.0002***; Mann-Whitney test) 

show increased tail-bleed time as compared to controls. Data is shown with median, range, 

and individual points. 
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Figure 22. Bleeding phenotype can be rescued with transfusion of wild-type platelets. (A) 

Platelet counts were performed in SERT+/+ (n=14) and SERT-/- mice (n=6). There was no 

significant difference in the number of platelets (P=0.8890, Mann-Whitney). (B) Tail-bleed 

time was performed three minutes after to transfusion of wild-type mouse platelets and was 

measured in SERT+/+ and SERT-/- mice with the addition of either saline (SERT+/+ n=5, 

SERT-/- n=6) or platelets (SERT+/+ n=6, SERT-/- n=6). SERT-/- saline transfused tail-bleed 

time was significantly increased from SERT+/+ (P=0.0039***) and were rescued to 

SERT+/+ bleeding time following platelet transfusion (saline:SERT-/- vs. platelet:SERT-/- 

P=0.002##, saline;SERT+/+ vs. platelet:SERT-/- P=0.9893, saline:SERT+/+ vs. plateletSERT+/+ 

P=0.9837: Tukey’s multiple comparison test: 2-way ANOVA). Data is shown with median, 

range, and individual points.  
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Figure 23. Platelet ADP-mediated αIIbβ3 activation is reduced in SERT-/- mice. (A) 

JON/A binding in SERT-/- (n=6) and SERT+/+ (n=6) mice with 10nM and 200nM thrombin 

show no difference based on genotype (Tukey’s: 2-way ANOVA: Thrombin P<0.0001). (B) 

P-selective binding did account for some variation (2-way ANOVA: Thrombin P<0.0001, 

Genotype P=0.032) but did not show any difference following post-test (Tukey’s multiple 

comparisons). (C) ADP-mediated JON/A binding is significantly reduced in the SERT-/- 

platelets at 10μM ADP (10μM:SERT+/+ vs. 10μM:SERT-/- P=0.0354*) but not at 1μM ADP (2-

Way ANOVA: Interaction P=0.026, ADP P<0.00011μM:SERT+/+ vs. 1μM:SERT-/- P>0.999: 

Tukey’s multiple comparisons). (D) There is no difference in P-selectin expression in 

SERT-/- and SERT+/+ mice (2-way ANOVA ADP P=0.0473: Tukey’s multiple comparisons: 

N.S.). Data is shown with median, range, and individual points. 

 



124 
 

 

Figure 24. ADP requires 5-HT2A receptor activation for ADP-5-HT-mediated αIIbβ3 

synergy, which is disrupted in SERT-/- platelets.  (A) Isolated platelet uptake of 3H5-HT 

blocked with either citalopram or paroxetine (Log (inhibition) vs. normalized response-

Variable slope: citalopram-Robust sum of squares 20.58, paroxetine robust sum of squares 

22.92). (B) JON/A binding following 15 minutes ADP activation was measured using gMFI 

following a 5 minutes pre-incubation with either 5-HT2A receptor antagonists, ketanserin 

or methysergide, or selective serotonin reuptake inhibitors, citalopram or paroxetine, on 

the same platelet preparation (n=6). Both ketanserin and methysergide treatment 

significantly reduced ADP αIIbβ3-activation at both 1μM (ketanserin P=0.0409*, 

methysergide P=0.0041**) and 10μM (ketanserin P=0.0187*, methysergide 

P<0.0001****: Dunnett’s: 2-way RM ANOVA: interaction P=0.0103, ADP P<0.0001, 

Inhibitors P<0.0001, Subjects (matching) P<0.0001). Non-parallel experiments examined 

JON/A binding following incubation with (C) serotonin alone, (D) ADP1μM + serotonin 

(P<0.0001***), or (E) ADP-5-HT following a 5-minute incubation with ketanserin 

(Sidak’s: Two-way ANOVA).  Data is shown with median, range, and individual points 
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Figure 25.  SERT-/- platelets have reduced 5-HT2A receptor surface expression but no 

change in P2Y1 and P2Y12. (A) (B) Competitive inhibition with PIT (dual P2Y1 and P2Y12, 

IC50=7.80X10-5, 83.71%), MRS2179 (P2Y1 specific antagonist, IC50=2.08X10-5, 46.42%) 

and Ticagrelor (P2Y12 specific antagonist, IC50=1.25X10-7, 55.89%) was used with 3HADP 

to determine relative of receptors. Single point inhibition was used to determine %3HADP 

binding for (C) P2Y12 receptors (n=9 SERT+/+, n=7 SERT-/-, P=0.4592: Mann-Whitney) 

(D) P2Y1 (n=9 SERT+/+, n=7 SERT-/-, P=0.9646: Mann-Whitney) and in SERT+/+ and 

SERT-/- platelets. Data is shown with median, range, and individual points. (E) ADP whole 

blood levels were determined by ELISA (n=6, P=0.675, Mann-Whitney). (F) 35SGTPyS 

incorporation was used to measure 5-HT2A receptor specific G-protein activation in 

purified platelet membranes (n=8, P=0.0002***: Mann-Whitney). (G) 5HT2AR specific 

saturation curve with 3Hketanserin is shown for both SERT+/+ and SERT-/- platelets. (H) 

Calculated Bmax values are significantly reduced in SERT-/- platelets (n=5 SERT+/+, n=6 

SERT-/- P=0.0173*, Mann-Whitney).  
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Figure 26. Citalopram-treated mice have reduced ADP-5-HT synergy and reduced 5-

HT2A surface expression. (A) Citalopram ADP-mediated JON/A binding was probed 

(n=6, 2-wayANOVA: Tukey’s Post-test: BL: Water vs 10μMADP:Water P<0.0001, BL:Cit. vs. 

10μMADP:Cit P=0.025, 10μMADP:Water vs. 10μM:Cit P=0.0056**). (B) ADP-5-HT synergy 

toward JON/A binding was also probed in citalopram-treated mice (n=6, 2-way ANOVA: 

Tukey’s Post-test:PBS:Water vs PBS:Cit P=0.5501, 1μM5-HT:Water vs 1μM5-HT:Cit P=0.0452*, 

10μM5-HT:Water vs 10μM:Cit P=0.009**). (C) Surface 5-HT2A receptor levels were also 

determined using 20nM 3Hketanserin binding on intact platelets (Water n=4, Cit-t n=6: 

P=0.0095**, Mann-Whitney). (D) Wild-type platelets that were pre-treated with serotonin 

for 15 minutes washed, and activated with 10µM ADP show decreased JON/A binding. 

Data is shown with median, range, and individual points.  
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Spreading and 5HT2AR activation 

Abstract 

In the previous section, we show that long-term inhibition of SERT leads to an 

alteration in 5HT2AR signaling.  We also found that the activation of the 5HT2AR is 

necessary for full ADP-mediated αIIbβ3 inside-out activation. In this next section we 

explore the outside-in activation of αIIbβ3 and its relationship with altered SERT function.  

Objectives  

 To determine if loss of the SERT protein alters platelet function, particularly 

platelet spreading 

 To determine if platelet spreading is altered with the addition of serotonin and 

through which mechanism is it acting 
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Results 

In order to determine if platelet spreading is altered with the sustained loss of SERT 

function, we used the SERT-/- mouse model. We found that when platelets are spreading 

onto 25µg/mL fibrinogen-coated plates, SERT-/- platelets spread significantly less than 

wild-type platelets (Figure 27).  

Next we examine how serotonin modulates platelet spreading through examination 

of the two principle platelet serotonergic modulation mechanisms: 5HT2AR activation and 

SERT uptake (Figure 28). In wild-type SERT+/+ platelets treatment with ketanserin 50nM 

significantly reduced spreading in non-treated platelet but this effect was lost with the 

addition of 10µM serotonin. Also, there was no effect of acute citalopram treatment on 

platelet spreading with or without the addition of serotonin. In SERT-/- platelets, the 

addition of serotonin again increased platelet spreading. Treatment of SERT-/- platelets 

with ketanserin had no effect on non-treated SERT-/- spreading as compared to SERT+/+. 

However, the acute addition of ketanserin blocked the rescued spreading phenotype seen 

when SERT-/- platelets were treated with ketanserin. There was no difference between 

PBS-treated platelets with or without serotonin when the platelets were acutely treated with 

citalopram. These data suggest that the addition of serotonin is enough to rescue the SERT-

/- platelet spreading deficiency and that it acts through 5HT2AR activation.  

Finally, to confirm that activation of the 5HT2AR is enough to rescue the SERT-/- 

platelet spreading phenotype we treated the platelet with 1-[2,5-dimethoxy-4-idophenyl]-

2-aminopropane (DOI), a 5HT2AR agonist. This treatment resulted in no difference in 

spreading between SERT+/+ and SERT-/- platelets suggesting that activation of 5HT2AR 

restores SERT-/- platelet spreading. 
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Figure 27. Spreading phenotype in SERT-/- platelets. Platelet spreading was analyzed by 

staining platelets with concovilin-A and measuring spreading on 25µg/mL coated 

fibrinogen. SERT-/- platelets have significantly reduces platelet spreading as compared to 

SERT+/+ platelets (Mann-Whitney, P=0.0024**).  
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Figure 28. Spreading phenotype of SERT-/- platelets is rescued with serotonin through 

5HT2AR activation. In order to examine the effects of serotonin on platelet spreading we 

analyzed separately SERT+/+ and SERT-/- platelet spreading with the addition of either 

citalopram (block acute SERT function) or ketanserin (block 5HT2AR activation). In 

SERT+/+ platelets, there was a significant reduction in platelet spreading in the presence 

of ketanserin but this effect was lost with the addition of serotonin (A: Two-way ANOVA: 

Interaction P=N.S.., Inhibitors P=0.0083, serotonin P=N.S.: Pbs:PBS vs Ket:PBS 

P=0.0129*). In SERT-/- platelets, the addition of serotonin was able to increase spreading, 

and this effect was blocked with the addition of ketanserin but not with citalopram (B: Two-

way ANOVA: Interaction P=0.0176, Inhibitors =N.S., serotonin P<0.000: PBS versus 

PBS: serotonin P=0.0032**, PBS:PBS vs. Cit (10nM):5HT P=0.0134*). The addition of 

DOI, a 5HT2AR agonist, lost the genotype effect seen previously (C). Representative 

platelets from SERT+/+ and SERT-/- platelets in the presence of DOI is shown (D-G). 

Finally, in Figure H, a schematic of serotonin role in platelet spreading is shown.   
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Conclusion 

The alteration in 5HT2AR surface expression with sustained inhibition of SERT and 

its effects on ADP-mediated αIIbβ3 activation.  

Our research has demonstrated how loss of SERT function leads to platelet dysfunction 

providing mechanistic insight into the increased bleeding times previously observed in 

patients taking SSRIs (Andrade et al. 2010; Bismuth-Evenzal et al. 2012b). We 

characterized a bleeding phenotype in two independent models of lost SERT function, 

genetic and pharmacologic. This effect was rescued by addition of purified platelets with 

intact SERT function, indicating that the actions of SSRIs are mediated primarily via 

alteration of platelet function. Sustained loss of SERT function reduces 5-HT2AR surface 

expression leading to reduced ADP-mediated αIIbβ3 activation. Therefore, our findings 

support a novel mechanism for the reduced aggregation in SSRI-treated patients: reduced 

5-HT2AR surface expression and defective ADP-mediated αIIbβ3 activation. 

There are three possibilities by which SSRIs may mediate their effects on platelets: (1) 

acute blockage of SERT function and serotonin uptake, (2) depletion of granule serotonin 

and loss of serotonin secretion during activation, and (3) increased in extracellular 

serotonin levels. Many studies concluding that acute uptake of serotonin contributes to 

platelet function used SSRIs as tool compounds to acutely inhibit serotonin uptake. 

However, these studies utilized SSRIs at high concentrations (>10M) that are known to 

exert off-target effects (e.g. the σ1 receptor) (Maurice and Su 2009; Tseng et al. 2010). 

Comparatively, our study uses concentrations of SSRIs that block platelet-mediated SERT 

uptake but are far below the reported concentrations resulting in off-target effects (10nM, 

Figure 29). Here, we observed no change in ADP-mediated IIb3 activation following 
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acute SSRI treatment, suggesting that acute serotonin uptake is not required for inside-out 

activation of IIb3 by weak agonists. However, we observed reduced ADP-mediated 

IIb3 activation following chronic SSRI treatment.    

Others have suggested that acute uptake of serotonin by SERT leads to a receptor-

independent signaling pathway via the post-translational modification of intracellular 

proteins (Diego J Walther et al. 2003). This process, known as serotonylation, involves the 

covalent attachment of serotonin molecules to proteins mediated by the enzyme 

transglutaminase, resulting in transamination of small GTPases important for platelet α-

granule secretion (Ahmed et al. 2008; Diego J Walther et al. 2003). In our experiments, we 

demonstrate no difference in P-selectin antibody as a measure for α-granule exocytosis in 

SERT-/- platelet following thrombin activation.  These data would suggest that α-granule 

exocytosis is intact following the chronic loss of SERT function. Instead, we observed that 

chronic loss of SERT function led to reduced 5-HT2AR signaling and reduced ADP-

mediated αIIbβ3 activation, which is necessary for proper aggregation in vivo.  

In conjunction with depleting platelet granule serotonin levels, one would expect that 

chronic SERT inhibition would increase plasma concentrations of serotonin as suggested 

by the effects of SSRIs in the CNS (Gartside et al. 1995; F Artigas et al. 1996). However, 

because 5-HT2AR stimulation by serotonin alone does not lead to platelet activation, loss 

of SERT function likely leads to local increases in plasma serotonin levels within the portal 

vein and indirectly triggers internalization of the 5-HT2AR. It has been demonstrated that 

serotonin induces internalization of 5-HT2AR in a β-arrestin dependent manner within 30 

minutes of initial exposure (Schmid, Raehal, and Bohn 2008; Bohn and Schmid 2010). 

5HT2AR desensitization has been shown in the in the brain following prolonged exposure 
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to elevated levels of serotonin in citalopram- treated mice(Schaff et al. 2012; Yamauchi et 

al. 2006). However, it has yet to be validated that extracellular plasma serotonin levels 

increase following SSRI treatment. Evaluating changes in plasma (i.e. extracellular) 

serotonin levels as compared to platelet (i.e. intracellular) serotonin levels following SSRI 

treatment has been challenging. Measuring plasma serotonin levels has proven difficult due 

to very low concentration by extraordinarily efficient liver metabolism as well as the free 

diffusion of serotonin out of circulation (Moore and Eiseman 2016; G. M. Anderson et al. 

2005; G. M. Anderson and Cook 2016a). Furthermore, levels of plasma serotonin can vary 

greatly possibly due to contamination by platelet granule release during plasma purification 

(Brenner et al. 2007; Matondo et al. 2009; Lau et al. 2012; G. M. Anderson and Cook 

2016a).  Reported plasma serotonin levels fluctuate between investigators and 

preparations, but our data clearly demonstrate that serotonin homeostasis is altered by loss 

of SERT function (Jernej et al. 2002; Singh et al. 2013; D. J. Walther 2003). Furthermore, 

our data demonstrates that improper exposure of platelets to serotonin likely desensitizes 

the receptor leading to reduced ADP-mediated αIIbβ3 activation (Figure). Our findings 

indicate that chronic loss of SERT function reduces 5-HT2AR surface expression and 

signaling in each of two models of altered serotonin homeostasis.  

It has previously been established that serotonin plays a synergistic role with ADP 

activation during platelet aggregation (J. S. Berger et al. 2013; HirshRokach et al. 2015; E. 

Cerrito et al. 1993; Thompson NT, Scrutton MC 1986). Here we demonstrate that 5-HT2AR 

stimulation potentiates ADP-dependent signaling to activate αIIbβ3 (i.e. JON/A binding) 

leading to aggregation. While 5-HT2AR stimulation alone did not influence IIb3-

activation, dual stimulation of 5-HT2AR with a submaximal concentration of ADP 
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enhanced JON/A binding. 5-HT2AR stimulation may be required to enhance P2Y1 Gq-

mediated signaling and Gi-mediated P2Y12 activation converging on αIIbβ3 inside-out 

activation. It is well known that the 5-HT2AR can signal through multiple non-G protein 

pathways including β-arrestins (Schmid, Raehal, and Bohn 2008; E. L. Stahl et al. 2015; 

Schmid and Bohn 2010). Therefore, while canonical 5-HT2AR signaling would be 

redundant relative to ADP-mediated P2Y1 activation, alternative signaling pathways 

downstream of -arrestins, such as ERK1/2 and c-Src could culminate in αIIbβ3 

activation(Z. Li et al. 2010; E. L. Stahl et al. 2015; Schmid, Raehal, and Bohn 2008; 

Schmid and Bohn 2010). Additionally, 5-HT2AR signaling through arachidonic acid (AA), 

2-arachidonylglycerol (2-AG), calmodulin, or AKT could also synergize with ADP 

signaling (Quinn et al. 2002; Johnson-Farley et al. 2005; Göoz et al. 2006; Miller, Mariano, 

and Cruz 1997). Further experiments are required to determine what signaling pathways 

are necessary and sufficient for maximal IIb3 activation via ADP/serotonin synergy.  

Clinically, targeted inhibition of the 5-HT2AR has been efficacious (Przyklenk et al. 

2010b). APD791, an inverse agonist of 5-HT2AR, is currently in clinical trials and 

attenuated recurrent thrombosis irrespective of the time of treatment (Adams et al. 2009; 

Przyklenk et al. 2010a). No increase in bleeding time in the presence of APD791 was 

observed as compared to other anti-platelet therapies. Additionally, APD791 was able to 

block serotonin-dependent platelet activation over a short time scale (2hrs) (Adams et al. 

2009; Przyklenk et al. 2010a). This data provides mechanistic insight into the reduced 

aggregation previously observed in SSRI-treated patients and supports explorations of 

peripherally restricted, well-tolerated SSRIs or 5-HT2AR antagonists as an antiplatelet 

therapeutic approach. The therapeutic implications of this work suggest a novel approach 
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targeting the serotonin signaling systems via SERT-inhibition leading to reduced 5-HT2AR-

mediated platelet aggregation.  

 

5HT2AR and spreading 

Platelet activation is distinct from platelet spreading because it falls within a 

difference phase of αIIbβ3 function. Spreading is related to αIIbβ3 outside-in activation (Z. 

Li et al. 2010; Joseph E. Aslan et al. 2012; J E Aslan and McCarty 2013). Within this 

dataset we observe no difference in platelet attachment between SERT+/+ and SERT-/- 

platelets suggesting that the baseline status of αIIbβ3 activate conformation is not different 

between SERT+/+ and SERT-/- platelets based on conformational activation of the αIIbβ3 

integrin (Oliver et al. 2014; Watson 2009). However, we do observe significantly reduced 

platelet spreading in the SERT-/- platelets suggesting that signaling downstream of αIIbβ3 

binding is disrupted in the SERT-/- platelets. Our data suggest that the rescued spreading 

phenotype observed is a results of lost serotonergic tone and activation of the 5HT2AR.  

This data set is distinct from the data set observed in the previous section because 

serotonin was able to rescue the reduced platelet spreading but was not able to rescue ADP-

medaited αIIbβ3 activation. Previously, we demonstrate that ADP-mediated αIIbβ3 

activation could not be rescued with the addition of 5HT. We subsequently demonstrate 

the 5HT2AR surface expression is reduced in the SERT-/- and citalopram treatment model 

that causes the ADP-mediated αIIbβ3 activation phenotype not to be rescued simple with 

the addition of serotonin. As we consider these results alongside the spreading data, one 

could postulate that 5HT2AR receptor surface expression is restored during platelet 



136 
 

spreading. It is clear that platelet area increases during platelet spreading but further 

experiments are required to test this hypothesis(Sakurai et al. 2015; Peters et al. 2012).  

There are multiple signaling pathways that relate 5HT2AR activation to platelet 

spreading. The simplest of these pathways is Gαq activation leading to DAG that positively 

regulates platelet spreading (Canault et al. 2014). In the SERT-/- model, where serotonergic 

tone is lost, this signaling pathway could be reduced leading to insufficient DAG 

production and spreading. Further experiments would be required to elucidate the signaling 

pathways involved.  
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CHAPTER 5 

INTEGRIN MODULATION OF SEROTONERGIC SIGNALING 

Introduction 

It was initially characterized that the β3-subunit (ITGB3) regulated the 

serotonergic system through an interaction with the SERT (Ana Marin D Carneiro et al. 

2008). Additionally, as it has been noted that there are integrin-required, adhesion-

dependent changes in SERT localization in human platelets (Steiner, Carneiro, and 

Blakely 2008). There exists an intriguing genetic relationship between SERT and β3 

(ITGB3) where single nucleotide polymorphisms in ITGB3 parallel alteration in SERT 

platelet proteins levels (Mazalouskas et al. 2015). Additionally, blood serotonin has been 

used historically as a characterization markers for a number of diseases including 

hypertension and depression (Brenner et al. 2007; Serebruany et al. 2003; DeLisi et al. 

1981; Hammock et al. 2012). Which this chapter we test that hypothesis that alterations 

in αIIbβ3 could disturb SERT function and peripheral serotonin homeostasis. In this 

chapter, the Pro32Pro33 (KI) mouse model will be used to determine if alterations to the 

integrin also alter serotonergic regulation in platelets.  

 

PIA2 polymorphism and platelet function  

The platelet membrane integrin αIIbβ3 or GPIIbIIIa binds to von Willebrand factor, 

which results in platelet binding to normal endothelium. It also can bind to fibrinogen that 

results in bivalent crosslinking of platelets leading to aggregation. A single substitution in 

αIIbβ3 results in a dynamic change in the functional regulation of the integrin. One 

common mutation is a substitution of leucine in PIA1 to proline in PIA2 at position 33 in the 
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GPIIIa subunits (Santiago-Germán et al. 2012). This polymorphism, PIA1/A2 influences both 

the activation of αIIbβ3 and the aggregation of platelets (Feng et al. 1999).  

The name of this polymorphism stems from the PIA alloantigen, related to immune 

processes involving immune recognition of the opposing mutation (Newman, Derbes, and 

Aster, n.d.). There are two antigen determinants, PIA1, and PIA2, located in the 17-23kD 

fragment of glycoprotein IIIa(β3). Clinically, this polymorphism leads to antigens 

production against the PSI (plexin-semaphorin-integrin) region of the integrin seen in two 

disorders: post-transfusion purpura (PTP) and neonatal alloimmune thrombocytopenic 

purpura (NATP). The frequency of these two alleles has been calculated to make up 85% 

A1 and 15% A2(Shulman et al. 1961). However, several studies debate the distribution of 

this polymorphism is different ethnic groups (Santiago-Germán et al. 2012).  

Studies suggest that the PIA1/A2 polymorphism of β3 is associated with stent 

thrombosis (Kastrati et al. 1999), stent restenosis(Walter et al. 1997), bypass occlusion 

(Zotz et al. 2000), coronary artery disease (Gardemann et al. 1998), and myocardial 

infarction (Weiss et al. 2009; J. L. Anderson et al. 1999). Although these findings are 

controversial, some studies have also shown that the PIA2 polymorphism is associated with 

increased platelet adhesion and aggregation (Sentí et al. 1998). However, the debate on 

whether or not the PIA2 polymorphism acts as a risk factor for cardiovascular disease is still 

under discussion. However, it is clear that fibrinogen is a major ligand of platelet αIIbβ3, 

and its function is a significant determinate in appropriate hemostasis. I have built upon 

the αIIbβ3 and SERT dynamics relationship demonstrating the sustained loss of SERT 

function reduces αIIbβ3 ADP-mediated activation. It has previously been established that 

SERT mediates αIIbβ3 directly (Ana Marin D Carneiro et al. 2008).  In the current study, 
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we first characterize the platelet function in a mouse model that mimics the PIA2 

polymorphism and then ask if this lead to an alteration is serotonergic handling and 

signaling.  

 

Mouse model of PIA2 and platelet functional consequences  

Platelet hyperaggregability is a critical factor influencing risk for arterial 

thrombosis (Lippi et al., 2011). The platelet integrin IIb3 (glycoprotein IIbIIIa), the 

functional receptor for fibrinogen, mediates platelet aggregation through fibrinogen-

dependent platelet cross-linking, a critical step in thrombus formation (Calvete, 1994; 

Ruggeri, 2002). While several polymorphisms in the integrin 3 subunit (ITGB3 gene) 

have been associated with impaired platelet function (Wang et al., 1993; Wang and 

Newman, 1998), the presence of one allele for the 3 alloantigen PlA2 has been reported in 

some studies to be associated with increased risk for coronary event, atherosclerotic plaque 

rupture and myocardial infarction (Kunicki and Nugent, 2002; Knowles et al., 2007). The 

PlA2 antigen corresponds to a missense substitution of leucine to proline at residue 33 of 

the mature integrin 3, located in a hydrophobic pocket the 3 extracellular PSI (plexin-

semaphorin-integrin) domain (Leu33Pro; rs5918, also known as the HPA-1 or Zw system) 

(Newman et al., 1989). While the number of studies assessing the influence of the Pro33 

allele on platelet function is significant, findings are inconsistent due to the small number 

of homozygous Pro33 subjects studied or possibly due to population stratification 

(Michelson et al., 2000b; Undas et al., 2001; Vijayan et al., 2003b; Angiolillo et al., 2004; 

Dropinski et al., 2005; Lev et al., 2007). Therefore, other in vivo models must be developed 
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to determine the contributions of structural modifications in the PSI domain to platelet 

aggregation and thrombosis risk.  

Structurally, the Leu33Pro substitution generates a Pro32Pro33 sequence, which 

may increase the flexibility of integrin IIb3 extracellular domains (Xiong et al., 2004; 

Jallu et al., 2012). Several studies suggest that the increased platelet function in Pro33 

carriers may result from a facilitation of integrin-mediated intracellular signaling (Goodall 

et al., 1999),(Vijayan et al., 2003a; Vijayan et al., 2003b; Vijayan et al., 2005). To achieve 

platelet activation, integrin IIb3 undergoes conformational changes that involve 

disruption of IIb-3 interactions and extension of the cytoplasmic domain of integrin 3 

(Yang et al., 2009). This extension can be achieved by extracellular matrix (ECM) binding 

under high flow conditions (outside-in activation) or by the agonist-dependent 

translocation of talin or kindlin 3 to the plasma membrane and binding to the 3 subunit 

(inside-out activation) (Vinogradova et al., 2000; Tadokoro et al., 2003; Wegener et al., 

2007; Moser et al., 2008). These events trigger phosphorylation of tyrosine residues in the 

3 tail and expose domains necessary for the interaction of focal adhesion kinase (FAK), 

Src and Hic-5 (Osada et al., 2001; Nieswandt et al., 2007; Kim-Kaneyama et al., 2012). 

Alternatively, G13 downstream of thrombin (PAR-1/4) receptors can directly bind to the 

3 cytoplasmic domain and activate Src (Gong et al., 2010). Upon IIb/3 separations, the 

IIb cytoplasmic tail also can interact with signaling proteins, such as the calcium and 

integrin-binding protein (CIB), the serine/threonine protein phosphatase PP1 (Vijayan et 

al., 2003b; Vijayan et al., 2004). Although several studies suggest inside-out dependent 

increases in integrin-dependent signaling in cells expressing Pro33 integrin IIb3, the 
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mechanism by which this extracellular PSI domain mutation influences integrin outside-in 

signaling remains unknown.  

In the present study, we generated a new knock-in (KI) transgenic mouse model 

where the Pro32Pro33 isoform is expressed from the endogenous integrin 3 loci and 

examined the effects of this sequence variation to platelet function, integrin IIb3 

activation and outside-in signaling. In these mice, we demonstrate increased clotting time, 

enhanced fibrinogen-mediated platelet adhesion and elevated basal outside-in signaling 

without full IIb3 integrin activation. Importantly, we show that early signaling events 

linked to Src activation dictate the proaggregatory phenotype in the KI mice.  

  



142 
 

Pro32Pro33 mutation in the integrin β3 domain result in αIIbβ3 priming and 

enhanced adhesion: Reversal of the hypercoagulability phenotype by Src inhibitor 

SKI-606 

Abstract 

The plasma membrane integrin IIb3 (CD41/CD61, GPIIbIIIa) is a primary 

functional receptor in platelets during clotting. A common isoform of integrin β3 

(Pro32Pro33) has been suggested to increase the risk of coronary thrombosis and stroke, 

however, the findings remain controversial. To better understand the molecular 

mechanisms by which this sequence variation modifies IIb3-mediated platelet function 

we produced a transgenic, knock-in mice expressing the Pro32Pro33. Consistent with 

reports in human platelets, we found bleeding and clotting times to be significantly 

decreased in Pro32Pro33 homozygous mice. There was also an increase in platelet 

adhesion in vivo based on non-fatal venous thromboembolism. Activation with PAR4-AP, 

the main thrombin signaling receptor in mice, showed no significant difference in 

activation of Pro32Pro33 mice as compared to controls, suggesting that inside-out signing 

remains intact. However, increases in attachment and spreading of platelets onto fibrinogen 

are increased in Pro32Pro33 proposing enhances in integrin IIb3 ligand-mediated 

functions (Outside-in signaling). We also observed elevated Src phosphorylation and Talin 

association in Pro32Pro33 platelets in unstimulated platelets. JON/An (active extracellular 

conformation of IIb3) binding was not different in Pro32Pro33 platelets as compared to 

controls. These findings suggest that the intracellular domains of the Pro32Pro33 integrin 

are primed for activation while the extracellular domain remains unchanged. Enhanced 

priming of intracellular IIb3, which leads to increase Src singling, rescued Pro33 
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clotting time to wild-type levels with acute in vivo administration of a clinically relevant 

inhibitor of Src, SKI-606. Together, our data establish that the Pro32Pro33 structural 

alteration modifies the function of integrin IIbβ3, priming the integrin for outside-in 

signaling, ultimately leading to hypercoagulability. Additionally, these finding suggest that 

targeting Src signaling pathways may be of beneficial in reducing the risk for a 

cardiovascular disease mediated through enhanced IIb3 activity. 

Objectives  

 To characterize the Pro32Pro33 mouse model’s hemostatic condition and 

relate it to altered platelet function  

 To evaluate IIb3 function and particularly P-Src signaling related to 

spreading 

 To attempt to rescue the  Pro32Pro33 phenotype 
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Results 

 The introduction of the Pro32Pro33 residues in the mouse integrin 3. 

Alignment of the mature human and mouse integrin 3 protein sequences reveals a lack of 

conservation at residues 32 and 33 (Figure 29 A, corresponding to residues 58 and 59 in 

the immature protein, respectively. The human sequence contains a Pro32 and Leu33, 

modified to Pro32Pro33 by the Leu33Pro polymorphism, which introduces a structural 

flexibility associated with the functional changes observed in platelets (Jallu et al., 2012). 

Therefore, we designed the targeting construct to change Ser32Gln33 to Pro32Pro33 

(Figure 35B, details on the targeting construct can be found in the methods section). 

C57BL/6 embryonic stem cells were screened for homologous recombination by two 

complementary PCRs (Figure 29 C and D) and correct targeting was confirmed by 

Southern blotting. Germline transmission of the Pro32Pro33 allele and excision of the 

Cre/Neo cassette was confirmed by PCR (Figure 29 E) and sequencing of the final targeted 

locus (KI). Pro32Pro33 KI mice were born at Mendelian ratios, independently of the 

genotype of the parents, and were fertile with no overt developmental or behavioral effects.  

 

 Enhanced clot formation and aggregation in KI mice. Mice expressing the 

Pro32Pro33 integrin 3 had normal platelet production and blood cell count. To establish 

the physiological consequences of the Pro32Pro33 integrin 3 substitutions, we measured 

platelet function using in vivo and ex vivo paradigms. Clotting time was significantly 

decreased in KI mice when measured by tail bleed (Figure 30 A) or whole blood clot 

formation (Figure 30 B). To test whether the increased clotting could influence thrombosis 

in vivo, we implemented a model of in vivo non-fatal thromboembolism. In this model, we 
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injected a solution containing weak agonists (0.5mg/kg ADP, 100/kg epinephrine and 

1mg/kg collagen) to prevent a ceiling fatal effect, which would prevent us from detecting 

increases in thromboembolism in KI mice. We collected blood from mice before and one 

minute after the injection of agonists and counted the number of platelets in each sample. 

Repeated measures ANOVA of the data revealed a significant reduction in the number of 

circulating platelets in KI mice only (Figure 30 C). We then measured ex vivo platelet 

aggregation by two methods. Whole blood aggregation in the presence of the protease-

activated receptor 4 activating peptide (PAR4 stimulation), led to a significant increase in 

the velocity of clot formation in KI mice when compared to WT controls (Figure 30 D, E). 

These changes were also recapitulated in aggregation experiments using washed platelets, 

suggesting that the proaggregatory phenotype derives from enhanced platelet function 

(Figure 30 F).  

 

Enhanced adhesion and spreading in KI platelets. To examine the consequences 

of the Pro32Pro33 mutation on integrin IIb3 functions we examined platelet adhesion 

ex vivo. Platelet adhesion depends on both integrin affinity (determined by ligand binding) 

and avidity (determined by integrin crosslinking), which can be assessed by adhesion to 

immobilized fibrinogen. Although basal binding to fibrinogen was not significantly 

different between genotypes, homozygous KI platelets had increased adhesion to 

fibrinogen in the presence of 0.2mM MnCl2
 (Figure 31 A). We then measured platelet 

adhesion to Arginine-Glycine-Aspartic Acid (RGD) peptides, which do not induce 

clustering of the receptor. We observed similar levels of platelet attachment to wells coated 
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with RGD (Figure 31 B), suggesting that the Pro32Pro33 mutation does not alter the 

affinity of IIb3 of the ligand-binding domain to RGD.  

Adhesion comprises two integrin-initiated events, attachment and spreading (Arias-

Salgado et al., 2005; Lawson and Schlaepfer, 2012).  We utilized confocal microscopy to 

determine platelet number and surface area after adhesion to 25g/ml fibrinogen (Figure 

31 C). We found that talin staining better represented the spreading of cells onto fibrinogen-

coated slides compared to phalloidin and observed significant increases in the number and 

mean area of attached KI platelets when compared to WT platelets (Figure 31 D: Platelet 

number. Figure 31 E: Platelet area). The significant increases in spreading led us to 

examine proximal intracellular signaling cascades, including Src and FAK in the context 

of platelet adhesion to fibrinogen. In-cell Western analyses revealed increases in Src 

(Tyr416), but not FAK(Tyr397) or ERK  phosphorylation in adhered KI platelets (Figure 31 

F). Confocal imaging of pSrc (Tyr416) staining in platelets adhered onto fibrinogen suggests 

that the increases in Src phosphorylation occur at adhesion sites (Figure 31 G). The 

significant increases in attachment and spreading in KI platelets are indicative of enhanced 

integrin IIb3 function, likely due to increased integrin clustering and ligand-induced 

propagation of intracellular signals.  

 

Enhanced basal talin binding to integrin IIb3 is independent of 

conformational changes in the ligand-binding domain in KI platelets. The integrin 3 

Pro32Pro33 mutations may influence IIb3 functions by altering receptor expression at 

the plasma membrane, by facilitating changes in the ligand-binding domain and consequent 

integrin activation, or by facilitating changes in the conformation of the transmembrane 
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and intracellular domains of IIb3 and thus promoting outside-in signaling. Flow 

cytometry using extracellular epitope antibodies revealed comparable plasma membrane 

expression levels of both IIb and 3 subunits between genotypes (Figures 32 A and 38B, 

respectively). Changes in affinity in the integrin IIb3 ligand-binding domain were 

assayed using an antibody that recognizes the active conformation of IIb3 (JON/A, 

(Bergmeier et al., 2002). No changes were observed in JON/A binding to WT, KI, and 

Itgb3-/- platelets, indicating the absence of fully-activated integrin IIb3 in resting 

platelets (Figure 32 C). Because we observed adhesion-dependent increases in Src 

phosphorylation, we examined whether the Pro32Pro33 mutation could modulate Src 

activation in unstimulated conditions. Western blot analysis of unstimulated platelets 

revealed no significant alterations in the expression levels of integrin IIb3 or any 

proximal signaling proteins such as talin, Src and FAK (Figure 32 D). We observed, 

however, a significant increase in Src(Tyr416) phosphorylation with a concomitant decrease 

in FAK(Tyr397) phosphorylation in KI platelets, while no significant differences in ERK 

phosphorylation were observed (Figure 32 E). Co-immunoprecipitation of talin and Src 

with integrin IIb3, using an extracellular epitope anti-integrin 3 antibodies revealed 

increased basal association of talin to 3 KI platelets (Figure 38F, top panel). In contrast, 

Src associations with 3 remained unchanged in KI platelets (co-immunoprecipitated 

integrin IIb is also shown in Figure 32 F). Together, these data demonstrate that the 

integrin 3 Pro32Pro33 mutations increased talin binding to the intracellular domains of 

IIb3, concomitant with increased pSrc and decreased pFAK levels in unstimulated 

platelets. Most remarkably, these changes in second messenger kinases occur without 

observed activation of the ligand-binding domain of IIb3. 
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Figure 29. Production of the Pro32Pro33 (KI) mouse. Generation of mice bearing the 

*Pro32Pro33 mutation (KI mice). (A) Sequence alignment of mouse and human 

mature β3integrin. The Pro32Pro33 mutation introduced in the KI mouse model is shown 

below the alignment. (B) Targeting strategy to generate the KI mice, where exon 3 contains 

the S32P, Q33P substitution. The self-excising Cre/Neo cassette, flanked by LoxP sites, is 

located 5′ of exon 3. Two complementary PCR strategies were used to screen embryonic 

stem (ES) cells. (C) PCR1 using primers A and B showing presence of the Cre/Neo cassette 

in recombinant ES cells. (D) PCR2 using primers C and D followed by MspI digestion 

showing successful targeting of the KI allele in clone 2. (E) Genotyping by PCR confirms 

excision of the Cre/Neo cassette, and EcoRI digestion reveals fragments measuring 330 

and 270 bp identifying KI mice. 
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Figure 30. KI mice have increased aggregation as compared to WTs. Enhanced clot 

formation and aggregation in KI mice. (A) Tail bleed time is significantly decreased in KI 

mice (Student’s t test: **P = 0.0049; WT = 15; KI = 20). (B) Clotting time is significantly 

decreased in KI mice (Student’s t test: *P = 0.0164; WT = 14; KI = 20). (C) 

Thromboembolism experiment showing equivalent initial number of circulating platelets 

between WT and KI samples (Pre). After administration of agonist in vivo (Post), the 

number of circulating platelets significantly decreases in KI mice but not in WT control 

mice (two-way ANOVA agonist effect: P = 0.0319; Bonferroni post-test, KIPre versus 

KIPost: *P < 0.05; WT = 10; KI = 11). (D) Whole-blood aggregation stimulated with 

200 μM PAR4-AP. (E) Aggregation velocity [arbitrary units (A.U.)/min] is significantly 

increased in KI mice (unpaired t test with Welch’s correction: *P = 0.0267; WT = 6; KI = 

6). (F) Aggregation in washed platelets. Representative plot showing increased KI 

aggregation in platelets stimulated by 0.05 U/ml thrombin. Similar results were observed 

in six independent experiments.  
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Figure 31. KI mice have increased P-Src at BL. Increased spreading and adhesion 

mediated by outside-in signaling in KI platelets. Platelet adhesion was monitored by in-

cell Western blot ofβ-actin on platelets bound to increased concentrations of immobilized 

fibrinogen (A) or RGD peptides (B) in the presence of 0.2 mM MnCl2[(A) two-way ANOVA, 

fibrinogen: P < 0.0001; genotype: P = 0.0070; Bonferroni post-test, KI versus WT at 

25 μg/ml: *P < 0.05; (B) two-way ANOVA, RGD: P < 0.0001]. (C) Platelets were allowed 

to adhere to fibrinogen-coated (25 μg/ml) coverslips (incubation time, 15 minutes). 

Representative confocal images of platelets stained with talin are shown. Scale bar, 10 μm. 

(D) Number of platelets attached per image was quantified in WT and KI samples 

(unpaired t test with Welch’s correction: **P = 0.0091; number of images: WT = 8; KI = 

6). (E) Platelet spreading was assessed by quantification of platelet area (in arbitrary 
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units) in WT and KI samples (unpaired t test with Welch’s correction: ***P < 0.0001; 

number of platelets: WT = 86; KI = 111). (F) Platelets were allowed to adhere to 25 μg/ml 

fibrinogen for 15 minutes, washed, and fixed with 4% paraformaldehyde to assess kinase 

phosphorylation by in-cell Western blot. In-cell Western data were normalized for each 

WT/KI pair (pSrc/Src, nonparametric t test: *P = 0.0304; WT = 10; KI = 10). 
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Figure 32. There is no difference in outside inactivation of the αIIbβ3 integrin in KI 

mice. Activation of PAR4 signaling partially normalizes WT and KI genotype differences 

in Src phosphorylation. (A) Integrin αIIbβ3 activation by PAR4 was determined by flow 

cytometry. (B) P-selectin plasma membrane levels are elevated by PAR4 activation in both 

WT and KI samples. Traces show data from WT, KI, and Itgb3−/− platelets. (C) Platelets 

in suspension were stimulated with PAR4-activating peptide followed by Western blot 

analysis of Src phosphorylation. PAR4 activation does not significantly increase Src 

phosphorylation in either genotype (nonparametric t tests for pSrc/Src ratios, 

WTvehicle versus KIvehicle: **P < 0.01; WTvehicle N = 14, WTPAR4 N = 7, KIvehicle N = 14, 

KIPAR4 N = 8). (D) PAR4 activation in attached platelets differentially influences Src 

phosphorylation. PAR4 stimulation significantly increases pSrc levels in WT platelets 

(nonparametric t tests, WTvehicle versus KIvehicle: *P < 0.05; WTvehicle versus WTPAR4: 
#P < 

0.05; WT = 6, KI = 6). MFI, mean fluorescence intensity. 
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Figure 33. Increased spreading in KI mice. Inhibition of Src rescues the spreading and 

clotting phenotypes observed in KI mice. (A–D) Ex vivo inhibition of Src. Platelets were 

resuspended in KRH, seeded onto fibrinogen-coated slides (25 μg/ml), and incubated with 

different agonists for quantification of cell adhesion. (A) Representative confocal images 

of talin staining. (Left to right) Vehicle, Src/Abl tyrosine kinase inhibitor SKI-606, PAR4-

AP, PAR4-AP + SKI-606. (Top) WT platelets; (bottom) KI platelets. Scale bar, 10 μm. (B) 

Platelet attachment. SKI-606 elicits opposing effects in WT and KI platelets, increasing 

adhesion in WT while decreasing adhesion in KI samples. PAR4-AP activation does not 

significantly enhance platelet attachment. PAR4-AP activation normalizes the effects of 

SKI-606 on platelet attachment in both genotypes (two-way ANOVA, interactionF(34,3) = 

22.51: P < 0.0001; genotype F(34,1) = 11.80: P = 0.0016; Bonferroni post-tests: 

WTvehicle versus KIvehicle: ***P < 0.001; WTSKI-606 versus KISKI-606: ***P < 0.001; WTPAR4-

AP+SKI-606 versus KIPAR4-AP+SKI-606: ***P < 0.001; WTvehicle versus WTSKI-606: 
###P < 0.001; 

KIvehicle versus KISKI-606: 
###P < 0.001; WTSKI-606 versus WTPAR4-AP: ^P < 0.05; KISKI-

606 versus KIPAR4-AP: ^^P < 0.01; WTSKI-606 versus WTPAR4-AP+SKI-606: 
^^P < 0.01; KISKI-
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606 versus KIPAR4-AP+SKI-606: 
^^^P < 0.001; number of images: vehicle: WT = 9, KI = 6; SKI-

606: WT = 3, KI = 4; PAR4-AP: WT = 5, KI = 5; PAR4-AP + SKI-606: WT = 5, KI = 5). 

(C) Platelet spreading. SKI-606 alone normalized platelet spreading of KI platelets to WT 

levels. PAR4-AP activation significantly enhanced spreading in WT platelets, while 

reducing KI platelet spreading. Additionally, SKI-606 significantly reduced PAR4-AP–

stimulated platelet spreading in both genotypes (two-way ANOVA, interaction F(1516, 3) = 

39.72: P < 0.0001; genotype F(1516, 1) = 110.5: P < 0.0001; treatment F(1516, 3) = 

99.10: P < 0.0001; Bonferroni post-tests: WTvehicle versus KIvehicle: ***P < 0.001; WTPAR4-

AP versus KIPAR4-AP: ***P < 0.001; WTPAR4-AP+SKI-606 versus KIPAR4-AP+SKI-606: ***P < 

0.001; KIvehicle versus KISKI-606: 
###P < 0.001; WTvehicle versus WTPAR4-AP: ###P < 0.001; 

WTPAR4-APversus WTPAR4-AP+SKI-606: 
$$$P < 0.001; WTSKI-606 versus WTPAR4-AP: ^^^P < 0.001; 

KISKI-606 versus KIPAR4: 
^^^P < 0.001; KISKI-606 versus KIPAR4+SKI-606: 

^^^P < 0.001; 

KIvehicle versus KIPAR4-AP: ###P < 0.001; KIvehicle versus KIPAR4-AP+SKI-606: 
###P < 0.001; 

KIPAR4-AP versus KIPAR4-AP+SKI-606: 
$$$P < 0.001; number of platelets: vehicle: WT = 159, KI 

= 480; SKI-606: WT = 146, KI = 51; PAR4-AP: WT = 104, KI = 198; PAR4-AP + SKI-

606: WT = 101, KI = 265). (D and E) In vivo inhibition of Src. Blood was collected before 

(Pre) and after (Post) administration of 1 mg/kg SKI-606 to anesthetized mice. Blood was 

diluted 1:20 and seeded onto fibrinogen-coated (25 μg/ml) 96-well plates. (D) In-cell 

Western of platelets adhered to fibrinogen. Src phosphorylation was assessed by staining 

platelets with total Src or pSrc at Tyr416. As there was variability in the volume of blood 

collected before and after SKI-606 administration, data were normalized to vehicle (dotted 

line in right panel) to assess PAR4-induced Src phosphorylation. SKI-606 significantly 

decreases PAR4-AP–induced Src phosphorylation in both KI and WT samples (repeated-

measures ANOVA, SKI-606: **P = 0.0228; WT = 6, KI = 6). (E) Clotting time is 

significantly increased in KI mice treated with SKI-606 (repeated-measures ANOVA, SKI-

606: *P = 0.0103; Bonferroni post-test, KIvehicle versus KISKI-606: *P < 0.05; WT = 6, KI = 

6). 
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Figure 34. Graphics of KI mutation on platelet activation. Mechanism of enhanced 

outside-in signaling in KI mice. (A) In wild-type mice, αIIbβ3 integrin is activated by talin 

binding upon activation of inside-out signaling, represented here by PAR4 activation. 

Talin binding separates the intracellular domains of αIIb and β3, resulting in the opening 

of the extracellular domains of αIIbβ3 and exposing the ligand-binding domain, recognized 

by the antibody JON/A. These conformational changes initiated by talin binding also 

provide a platform for protein associations. While Src binding to β3 is independent of its 

phosphorylation state, Src/β3 interactions are sufficient to trigger Src autophosporylation. 

(B) In KI mice, a mutation within the PSI domain ofβ3 allows talin binding in nonstimulated 

conditions. The increased talin binding likely enhances the probability of Src associations 

and phosphorylation, thus enhancing platelet activation downstream of fibrinogen binding. 

These molecular changes may have reached “ceiling levels” in KI platelets, as activation 

of PAR4 signaling does not further enhance Src phosphorylation.  
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Activation of inside-out signaling normalizes some, but not all genotype-specific 

differences between KI and WT platelets. Although our data reveal enhanced basal Src 

activation in unstimulated platelets, several studies have provided evidence for agonist-

induced enhancement of FAK and ERK signaling in platelets and cells expressing the 

human Pro33 integrin 3 (Vijayan et al., 2003b; Vijayan et al., 2005; Carneiro et al., 2008). 

As Src activation is one of the many signaling pathways influenced by integrin IIb3 

activations, we examined whether PAR4 activation modifies the cellular phenotypes 

observed in KI platelets. Flow cytometry experiments revealed comparable levels of 

JON/An antibody binding to “active” IIb3 in both WT and KI platelets, upon PAR4 

stimulation (Figure 33 A). PAR4 also did not differentially stimulate P-selectin plasma 

membrane expression, indicating similar platelet activation upon strong agonist stimulation 

in both WT and KI platelets (Figure 33 B). PAR4 activation did not significantly increase 

Src(Tyr416) phosphorylation in platelets in suspension, regardless of genotype (Figure 

39C). However, upon adhesion, PAR4 stimulation significantly increased Src 

phosphorylation in WT but not in KI platelets (Figure 33 D). Because baseline Src 

phosphorylation in the KI platelets may have reached ceiling levels, activation of inside-

out signaling does not further increase Src phosphorylation. This data, along with the 

findings in Figure 38, demonstrate that structural changes elicited by the Pro32Pro33 

mutation are independent of inside-out signaling.  

 

Src activation is the dominant step driving the increased clotting in KI platelets. 

To test whether Src activation is necessary for the enhanced adhesion and clotting 

phenotypes observed in KI mice, we exposed platelets to the dual Src/Abl tyrosine kinase 
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inhibitor SKI-606 (Bosutinib). SKI-606 is an orally available inhibitor of Src, Fgr, and Lyn 

(Boschelli et al., 2001; Remsing Rix et al., 2009). With platelet activation via both PAR4 

and fibrinogen, SKI-606 (0.1M) fully inhibited Src phosphorylation but had no influence 

on platelet attachment (Figure 34 B). PAR4 activation significantly enhanced spreading in 

WT platelets and induced a small reduction in spreading in KI samples (Figure 34 C). SKI-

606 significantly reduced platelet spreading in both WT and KI platelets, normalizing 

spreading to un-stimulated, WT levels (Figure 34 C). These data demonstrate that Src is 

involved in the spreading, but not attachment, of platelets onto fibrinogen, and inhibition 

of Src signaling may counteract the basal activated state of KI platelets (Figure 34 A). 

We then examined whether in vivo administration of SKI-606 can normalize KI 

clotting ex vivo. Mice were anesthetized and blood collected before and after 

intraperitoneal administration of 1mg/kg SKI-606. In-cell Western analysis confirmed that 

SKI-606 significantly reduced adhesion-dependent Tyr416 Src phosphorylation in the 

presence of PAR4 AP (Figure 34 D). At this concentration SKI-606 significantly increased 

clotting time in KI mice, whereas no significant differences were observed in WT (Figure 

34 E). This differential effect was concentration-dependent, as we found increased clotting 

times after injection of higher concentrations of SKI-606, albeit with larger increases in 

KI. These data demonstrate that the integrin 3 Pro32Pro33 mutation is sufficient to induce 

increased talin association to IIb3 and enhanced basal Src phosphorylation, which are 

responsible for facilitated platelet spreading and a prothrombotic phenotype in KI mice.  
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Serotonergic modulation of Pro32Pro33 mice 

Abstract  

The connection between SERT activity and αIIbβ3 function has been noted 

previously (Ana Marin D Carneiro et al. 2008). It has been shown that fibrinogen, the 

activator or ligand for the αIIbβ3 integrin can enhance SERT activity in human platelets 

(Ana Marin D Carneiro et al. 2008). Furthermore, it has been demonstrated that the integrin 

acts directly with the C-terminus of SERT (Ana Marin D Carneiro et al. 2008). When the 

integrin is knocked-out in β3 KO mice, the activity of SERT is significantly reduced. 

However when the integrin is in it active conformation there is increased SERT activity in 

stably transfected HEK293 cells (Wildling et al. 2012; Wong et al. 2012).  This also 

coincided with an increase in SERT surface expression when the integrin was in its active 

conformation. In total, this work establishes has established an association between the 

function of the αIIbβ3 integrin and SERT. In the following set of experiments, we test if 

the Pro32Pro33 mouse model has altered serotonergic tone. Furthermore, we test if 

reducing serotonergic tone with 6-day citalopram water treatment can rescue the 

Pro32Pro33 hypercoagulability mouse model.  

 

Objectives  

 Determine if the Pro32Pro33 alters serotonergic signaling 

 Determine if the Pro32Pro33 hypercoagulability phenotype can be rescued 

with sustained inhibition of SERT 
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Results 

In order to test the association between the Pro32Pro33 mouse model and SERT 

function, we chronically inhibited SERT by giving mice citalopram in their drinking water 

at 15mg/kg/day for 6-days. The 6-day treatment model was used because it blocks SERT 

function over the lifespan of a mouse platelet and would, therefore, recapitulate chronic 

SERT inhibition within the. Additionally, this model allows for the continued 

administration of citalopram to the animal as compared to IP injections, where metabolism 

of the drug can lead to a cyclic inhibition of SERT function.  

We found that KI mice have a significant increase in whole blood serotonin levels 

as compared to WT mice (Figure 35). However, following citalopram treatment, both WT 

and KI mice have significant reduced serotonin levels suggesting that the storage of 

serotonin is significantly reduced. Furthermore, there were no significant changes in 

5HIAA suggesting that the overall production of serotonin was not altered.  

In order to determine if the citalopram treatment alters the hypercoagulability 

phenotype in KI mice, both clotting time and thrombin clotting time measurements were 

performed. Pro32Pro33 mouse clotting time and thrombin clotting time are significantly 

altered with the addition of sub-chronic SSRI treatment reducing serotonergic signaling in 

platelets. There was a significant citalopram effect on clotting time (Figure 35). While there 

was a reduction in KI and WT clotting time when compared directly using a t-test (P=0.03), 

this significance was lost when performing a 2-way ANOVA test due to multiplicity 

(P=0.70).  Pro32Pro33 mice had a significant increase in clotting time after citalopram 

treatment. This effect was not seen in the WT mice. Thrombin time also had an overall 
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citalopram effect. Following post-test analysis, a significant increase in thrombin clotting 

time was observed in Pro32Pro33 mice.  

 

Figure 35. 6-day citalopram treatment rescues KI hypercoagulability. Serotonin whole 

blood levels were measured in WT and KI platelet with and without citalopram-treated 

water treatment. KI mice had a significantly increased level of blood serotonin as 

compared to WT blood (Two-way ANOVA: genotype P=0.01, treatment P<0.0001: WT: 

saline vs KI: saline P=0.0338*, WT:saline vs WT:cit P=0.027*, KI:saline vs KI:Cit 

P=0.0002***). However both WT and KI whole blood serotonin levels were significantly 

reduced with citalopram treatment. There was no change in 5HIAA levels in wither WT or 

KI whole blood with or without citalopram (Two-way ANOVA). Similar to previous studies 

there was reduced clotting time observed in KI blood as compared to WT blood when 

compared using a t-test (P=0.03. However, these effects were not signaifcant in the two-

way ANOVA analysis. There was an increase in clotting time when KI mice were treated 

with citalopram and this effect was not seen in WT samples (Two-way ANOVA, interaction 

P=0.03, Treatment P=0.0006, Genotype P=0.91: KI:saline vs KI:cit P=0.0023*) . Again, 

this effect was observed in thrombin clotting time assay (Two-way ANOVA interaction 

P=0.0219, treatment P=0.0268, Genotype P=0.37: KI:saline vs KI: cit P=0.02*5).  
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Conclusion  

Pro32Pro33 leads to a preactivated IIb3 integrin 

Platelet aggregation is a tightly controlled event, essential for the maintenance of 

thrombosis and hemostasis. Here we focused on the study of a common integrin 3 coding 

polymorphism, Leu33Pro within the IIb3 integrin (Newman et al., 1989). Flow 

cytometry studies utilizing anti-Leu33 3 antisera from Pro33 thrombocytopenia patients 

reveal conformational changes in an epitope located between residues 9 to 50, likely due 

to the formation of a  two proline sequence in the PSI domain (Barron-Casella et al., 1999; 

Bougie et al., 2012). To mimic the structural changes induced by the Leu33Pro mutation 

in humans, we introduced the Pro32Pro33 sequence in the mouse Itgb3 locus, replacing 

the endogenous Ser32Gln33. Pro32Pro33 mice have altered adhesion, increased velocity 

in aggregation, resulting in a proaggregatory phenotype observed in tail bleeding and non-

fatal thromboembolism. Therefore, our data demonstrate that the Pro32Pro33 KI mouse 

model, despite not being a fully humanized allele, replicates the phenotypes observed in 

the human Pro33 platelets. 

In accordance with data obtained from Pro33 human samples, no changes in plasma 

membrane integrin IIb3 expressions were seen in KI mice (Goodall et al., 1999). JON/A 

binding to resting platelets indicates that the murine Pro32Pro33 IIb3 is not in an open 

conformation. This finding, however, does not exclude the possibility that other 

conformational changes have taken place, or that the presence of two successive proline 

residues increases the flexibility of the PSI/hybrid domains, thus facilitating extension and 

the opening of the IIb3 heads. In fact, our findings are consistent with the Pro32Pro33 

mutation maintaining the ligand-binding domain in the closed conformation, while 
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modifying the transmembrane domains, thus enhancing talin association with the 3 

intracellular carboxy-terminal tail and initiating outside-in signaling. This unique 

phenotype confers a gain-of-function to the receptor without exerting a dramatic 

deleterious effect, as observed in another gain-of-function integrin 3 polymorphisms 

(Ruiz et al., 2001; Mor-Cohen et al., 2007; Ghevaert et al., 2008). The D723H mutation 

results in constitutive activation of integrin IIb3, increased cell adhesion with no effects 

on platelet aggregation in vitro. This mutation has dramatic effects on platelet size and is 

found in Glanzmann thrombasthenia patients, suggesting that constitutive activation of 

IIb3 is deleterious for clotting (Ghevaert et al., 2008). Other mutations disrupting 

disulfide bridges in the extracellular domains, lead to high-affinity binding to soluble 

fibrinogen and thus result in a loss of platelet aggregation in vitro (Fang et al., 2013). These 

polymorphisms differ from our KI model because they display increased fibrinogen 

binding/affinity and represent a constitutively active receptor. The Pro32Pro33 integrin 3, 

though showing enhanced priming and basal Src signaling, remains sensitive to modulation 

by inside-out signaling, and does not present increased JON/A binding or adhesion onto 

RGD peptides and thus represents a “facilitated” receptor, but not one that is constitutively 

active.  

Regardless of the molecular mechanism, KI platelets exhibit specific alterations in 

intracellular Src and FAK signaling. These signaling changes drive clotting and spreading 

phenotypes in KI platelets, as both were normalized to wild-type levels in the presence of 

the Src inhibitor SKI-606. The role of Src (c-Src specifically) in platelet spreading has been 

established in several studies (Obergfell et al., 2002; Arias-Salgado et al., 2003). Deletion 

of Src in mouse platelets reduces spreading on fibrinogen independently of other Src-
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family kinases, but Src is not necessary for the aggregation of platelets under flow 

conditions (Severin et al., 2012). Src activation through Tyr416 phosphorylation can be 

achieved by several mechanisms, although we have excluded enhanced interactions with 

the 3 cytoplasmic domain (Arias-Salgado et al., 2003). A second mechanism worthy of 

consideration is that Src activation, through its association with FAK, can inhibit RhoA 

and increase spreading (Panetti, 2002; Serrels and Frame, 2012). Although possible, we 

feel that this explanation is unlikely to be the mechanism driving the KI phenotypes, as we 

detected reduced FAK Tyr379 phosphorylation under basal conditions, a necessary step 

during the formation of the FAK/Src/integrin IIb3 complex (Chan et al., 1994; Cobb et 

al., 1994; Schaller et al., 1994; Xing et al., 1994). Finally, Src could also be engaged 

through G13 activations (Gong et al., 2010). Platelets lacking G13 have no adhesion-

dependent Src Tyr416 phosphorylation and reduced spreading. It is possible that G13 

activations through PAR4 stimulation is involved in the spreading of WT samples, and 

could dampen constitutively activated Src in KI mice, as suggested by the significant 

statistical drug by genotype interactions in the presence of PAR4 AP.  

Although several other signaling events may be altered in KI platelets, we 

capitalized on an FDA-approved Src kinase inhibitor to reverse the Pro32Pro33-induced 

hypercoagulable state. SKI-606 (bosutinib, Bosulif®) is an orally available tyrosine kinase 

inhibitor approved for the treatment of chronic myelogenous leukemia with low bleeding 

risk (Remsing Rix et al., 2009),(Quintas-Cardama et al., 2009). Orally available anti-

platelet therapies include warfarin, aspirin, clopidogrel and ticagrelor (Varon and Spectre, 

2009). Most of these pharmacotherapies present multiple drug-drug interactions and 

increased risk for bleeding (Phillips et al., 2005; Varon and Spectre, 2009). Additionally, 
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in the context of stent placement, the human Pro33 allele remains a risk factor for 

thrombosis and death, even in the presence of dual anti-platelet therapy (Goldschmidt-

Clermont et al., 2000; Motovska et al., 2009). Our study is a major step towards identifying 

patient-specific, safe and efficacious therapies as we were able to normalize, but not 

dramatically reduce, clotting times specifically in Pro32Pro33 platelets. SKI-606 

normalized Pro32Pro33 platelet response to platelet spreading with fibrinogen and PAR4 

AP activation, partially representative of thrombus formation.  

In conclusion, our data demonstrate that (1) a functional link between the 

Pro32Pro33 structural modification in the extracellular PSI domain and cytoplasmic 

alterations that result in the activation of Src signaling underlying platelet spreading, 

clotting and thrombus formation in vivo, and (2) confirm potential of novel, tailored 

therapeutic strategies targeting Src to reduce thrombotic risk.  

 

Association between IIb3 and serotonergic signaling 

These findings suggest that sub-chronic, 6-day SSRI treatment reduces serotonergic 

tone in the blood as previous described (Maurer-Spurej, Pittendreigh, and Solomons 2004; 

Andrade et al. 2010; Bismuth-Evenzal et al. 2012b). Furthermore, it appears that this 

alteration to serotonergic tone has a greater impact in a hyperactive and primed integrin 

mutation (Pro32Pro33) as compared to baseline conditions. These finding further support 

the role of the integrin within the SERT regulatory complex and suggest that alterations in 

SERT function could have implication on αIIbβ3 activation in platelets.  

It has previously been shown that the Pro33 polymorphism does not alter the 

association between SERT and αIIbβ3 complex (Ana Marin D Carneiro et al. 2008). 



165 
 

Additionally, there is no alteration between the association of PP2A with the SERT 

complex with either the Leu33 or the Pro33 mutation (Oliver et al. 2014; Ana Marin D 

Carneiro et al. 2008). However, there in an increase in the uptake of serotonin in the Pro33 

mutation (Ana Marin D Carneiro et al. 2008). This can be reduced following inhibition of 

with serine/threonine phosphatases using either okadaic acid or fostriecin. Uptake by SERT 

was also reduced following blockage of p38 MAPK signaling preferentially in the Pro33 

mutation, which showed increased phosphorylation of p-38 MAPK at baseline.  

Previously published data, including this dataset, investigates how a polymorphism 

in the integrin alters the function of SERT and SERT surface expression (Mazalouskas et 

al. 2015; Steiner, Carneiro, and Blakely 2008; Ana Marin D Carneiro et al. 2008). The role 

of SERT and the surface expression of SERT can have both short and long term 

consequences on platelet function. These data clearly demonstrate a compelling 

relationship between altered αIIbβ3 function and SERT regulation, however future studies 

are required to elucidate the molecular mechanism. While SSRI treatment was able to 

restore clotting time and thrombin time in the KI mouse model, both of these assays have 

complex molecular underpinning that require further dissection. It is possible that SERT 

and αIIbβ3 interact within the same platelet lipid-raft and thereby modulate each other’s 

function in either a direct or indirect manner (Ana Marin D Carneiro and Blakely 2006). 

However, it is also possible that the increased levels of serotonin change the dynamins of 

platelet reactivity via platelet activation or alternative mechanisms.  Future experiments 

can separate these mechanisms in more detail.  
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CHAPTER 6 

CONCLUSION 

Overview of serotonin in platelet function and future directions 

In summation, this work has explored several molecular mechanisms of serotonin’s 

actions in vivo, with a particular focus on serotonin’s role in modulating αIIbβ3-dependnet 

activation in platelet function. This work suggests that acute inhibition of SERT function 

does not play a significant role in platelet αIIbβ3-activation. Furthermore, this work further 

substantiates the functional interaction between integrins and SERT function (Steiner, 

Carneiro, and Blakely 2008; Ana Marin D Carneiro et al. 2008; Ana M D Carneiro 2010). 

Considering the broad array of functional roles of integrins, including cell migration, cell 

adhesion, and metastasis, the implications and clarification of a SERT- or serotonin-

dependent component to integrin function is vital. Pathologically, integrins are considered 

to have an emerging role in neuropsychiatric disorders, cardiovascular disorders and others 

(Bennett, Berger, and Billings 2009; Zarbock, Polanowska-Grabowska, and Ley 2007; 

Gibbins 2004; Ana M D Carneiro 2010), therefore it is crucial to gain a better 

understanding of their many functions.  

Two major questions have been addressed by this dissertation: (1) how do SSRIs, 

which block SERT uptake, alter platelet function? and (2) how do changes in serotonin 

levels regulation by SERT uptake affect the platelet? In particular, we were interested in 

monitoring serotonin’s effects on αIIbβ3-mediated platelet activation. This question was 

broken down into three sections: first, does acute blockage of SERT alter platelet activation 

and/or spreading, second, does sustained inhibition of SERT alter platelet activation and/or 

spreading, and, third, does an alteration in the αIIbβ3 integrin (Pro32Pro33) change 
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serotonin blood levels. Each of these sub-questions are addressed in chapters 3, 4, and 5 

respectively.  

In chapter 3, we directly examined the function of acute serotonin uptake via SERT 

in platelet activation using pharmacology relevant concentrations of SSRIs that block 

SERT uptake in platelets. We found minimal effects on platelet αIIbβ3-activation when 

SERT was blocked acutely. While there was no difference in αIIbβ3 inside-out activation 

following acute blockade of SERT uptake, we did find that citalopram altered platelet 

spreading in a SERT-independent manner. Furthermore, I have discussed possible non-

SERT specific targets for citalopram’s effects on platelet spreading.  

The major implications resulting from this chapter are twofold. First, this chapter 

stresses the importance of using pharmacologically validated concentration of drugs to 

limit off-target, non-specific effects to understand specific biological mechanisms. Second, 

validating that the concentrations of drug used are appropriate for the intended biological 

assumption. In this case, we were interested in determine who acute SERT uptake 

modulates platelet function, and therefore use concentrations that are sufficient to block 

platelet serotonin uptake. Previous studies have suggested that SSRIs, including 

citalopram, or loss of acute SERT function, alter platelet function (Bismuth-Evenzal et al. 

2012a; HirshRokach et al. 2015; Tseng et al. 2013; Abdelmalik et al. 2008; Diego J Walther 

et al. 2003). However, these studies failed to separate the acute role of SERT versus the 

long term effects of lost SERT function (lost serotonin in whole blood). In some cases, the 

concentrations of SSRIs that were used in the studies fell outside the range of therapeutic 

use and far beyond the concentrations needed to inhibit SERT (Tseng et al. 2010; Ziu et al. 

2014; Ziu et al. 2012).  Pharmacology is a powerful tool to explore the biological 
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mechanisms but it is important to consider both the function and chemistry of the drug in 

use.   

In chapter 4, we tested how the extended loss of SERT function alters αIIbβ3 

activation. We observed that mice that lack SERT (SERT-/-) had reduced ADP-mediated 

αIIbβ3 activation. Furthermore, we found that serotonin no longer synergized with ADP to 

enhance αIIbβ3 activation. We tested if acute uptake or sustained blockage of SERT alters 

platelet function, in particular, αIIbβ3 activation. We found that serotonin modulates 

integrin activation through triggering the 5HT2A receptor, but not via acute uptake by 

SERT. These findings suggest that the granular serotonin content is paramount in 

mediating platelet activation through its release and activation of the serotonergic receptor, 

5HT2AR. In order to explore why the SERT-/- platelets had reduced serotonin-dependent 

activation, we measured 5HT2AR-medaited GTPyS incorporation and 5HT2AR surface 

expression. We found that 5HT2AR surface expression was reduced in SERT-/- platelets. 

This was recapitulated in 6-day citalopram-treated mice. We speculate that the loss of 

5HT2AR surface expression and function arises through altered serotonin homeostasis that 

ensues following sustained inhibition of SERT function. Using the serotonin homeostasis 

model discussed at the end of chapter 4, it would be possible to test this hypothesis. 

However, our experimental findings suggest that long-term inhibition of SERT leads to a 

shift in serotonergic signaling to a desensitized, internalized 5HT2AR.  

The experiments discussed in chapter 4 attempt to distinguish the mechanism 

behind the reduced ADP-mediated αIIbβ3 activation platelet function seen when SERT 

inhibition is sustained. We used the 6-day treatment model in an attempt to minimize the 

central nervous systems effects of SSRIs from modulation of the peripheral serotonin 
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system. Additionally, as the platelet life span in circulation is 5-6 days in a mouse, this 

treatment ensured that all platelets underwent an impairment SERT function and loss of 

granule serotonin. This study demonstrated that activation of serotonin, which is not 

acutely taken up by SERT, potentiated ADP-mediated αIIbβ3 activation. In terms of 

platelet spreading, both SERT-/- and citalopram-treated platelets showed reduced 

spreading. However, further work is required to separate the effects of SERT versus 

serotonin in this experimental design. It appears that addition of serotonin is able to rescue 

the spreading phenotype in the SERT-/- model, however, as seen in chapter 2, citalopram 

may exert an off-target effect that modulates spreading in a non-SERT dependent manner. 

Further characterization and experimentation is required to define and distinguish the roles 

of SERT and 5HT2AR-medaited serotonin activation in platelet spreading.  

Finally, in chapter 5, the Pro32Pro33 hypercoagulability phenotype mouse model 

was characterized and the effect that this mutation had on platelet serotonin uptake and 

storage based on whole blood serotonin levels was determined.  It was initially 

characterized that the β3-subunit (ITGB3) regulated the serotonergic system through an 

interaction with SERT (Ana Marin D Carneiro et al. 2008). Additionally, there are integrin-

required, adhesion-dependent changes in SERT localization in human platelets (Steiner, 

Carneiro, and Blakely 2008). The Pro32Pro33 (KI) mutation is hypercoaguable due to a 

pre-primed αIIbβ3 integrin downstream of a single mutated the PSI domain of the β3 

integrin (Hummerich et al. 2012). While this mutation leads to increased platelet spreading 

and P-Src signaling, a hyper-serotonergic phenotype was also observed. As platelets are 

the major uptake and storage site for serotonin in the blood, we tested if sustained inhibition 

of SERT using the 6-day citalopram treatment model could alter clotting time and thrombin 



170 
 

time in Pro32Pro33 mouse model. Indeed, we found that loss of serotonergic tone leads to 

the rescue of the hypercoagulability phenotype in a Pro32Pro33 mouse model. These 

findings further highlight two distinct points. First, it establishes a connection between 

bleeding times and serotonin homeostasis, and second suggests that not only can integrins 

regulate SERT based on serotonin levels, but that modulation of the serotonergic system 

can restore integrin function.   

In total, this work has demonstrated that SERT plays an important role in platelet 

function by regulates both platelet serotonin uptake and serotonin storage . However, it is 

imperative to separate the role of acute versus sustained effects of SERT function when 

designing and considering experimental design. To do this, background knowledge about 

the drugs being used is required, including efficacy range, physiological concentrations, 

and potential off-target effects. Overall, this dissertation explores a systems biology 

approach to study the molecular mechanisms of serotonin in platelet function. For example, 

we have shown a novel implication of lost SERT function in platelet biology through 

reduced 5HT2AR surface expression. We hypothesis that reduced 5HT2AR surface 

expression is related to the ability of SERT to regulate serotonin homeostasis. Loss of 

SERT function alters serotonin homeostasis by increasing extracellular serotonin 

concentrations, and we speculate that this change leads to the pre-activation and 

desensitization of the 5HT2AR. This dissertation advocates future experiments utilizing a 

systems approach to understand complex disorders and to unveil multifaceted molecular 

mechanisms. Although there remains a sizable amount of future directions to this work, 

this dissertation has utilized multiple approaches and specific experimental design to 

address scientific questions that tease apart complicated biological systems.  
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Below, I will detail additional experiments that could be done to expand on this 

body of work including a simplified model of peripheral serotonin hemostasis that can be 

used to approximate serotonin concentrations in varying body compartments.  

 

Peripherally restricted SSRIs 

One promising future direction of this work is the use of peripherally restricted 

SSRIs that avoid central nervous system effects for the treatment of peripheral diseases 

related to hyperplatelet function. It is well known that SSRIs act within the central nervous 

system to affect mood (Wozniak et al. 2011). Changes in extracellular serotonin levels are 

believed to be required for this effect, however, the exact mechanisms remain unknown 

(Schellander and Donnerer 2010; S. M. Stahl et al. 2013). In order to separate the role of 

peripheral versus central SERT function, introducing peripherally restricted SSRIs could 

be used. In this case, only SERT found within the periphery would be blocked.  

A similar approach has been applied to cannabionoid-1 receptor (CB1) blockers 

(Chorvat 2013). Similar to our observation with peripheral serotonin modulation, 

peripheral CB1 has showed promise as a target for new therapeutics for controlling obesity 

and metabolism, without the undesired side effects of engaging central receptors. As most 

drug discovery efforts have difficulty developing drugs that penetrate the blood-brain 

barrier, creating SSRIs that are non-brain pematrating is relatively straightforward. Using 

a structure-activity relationship, agents with a low propensity to penetrate the blood brain 

barrier (BBB) can be designed based on a current compound that is known to have low or 

no brain penetrance. Some of these characteristics include lipophilicity, hydrogen bonds, 

and polar surface area. One example of a peripherally restricted SSRIs approach could be 
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adding a PEGylated addition to the SSRI. PEGylation is the process of both covalent and 

non-covalent attachment of amalgamation of polyethylene glycol (PEG) (Jevsevar, 

Kunstelj, and Porekar 2010). The downside to this approach is that the drug would need to 

be administered via injection because PEGylation prevents absorption within the 

gastrointestinal tract. However, this process could be used to establish proof of concept.  

Some additional aspects that should be considered are that the attachment of a PEG 

group to a drug or protein should “mask” the agent from the host’s immune system. This 

could be beneficial in that it would prevent phagocytosis of the compound and initiation of 

immune response following drug administration (Jevsevar, Kunstelj, and Porekar 2010; 

Chorvat 2013). However, this can also lead to altering metabolism of the compound which 

could complicate known pharmacokinetic and pharmacodynamics values. Furthermore, 

PEGylation in particular increases the hydrodynamic size of the agent which could lead to 

the prolonged circulation of the drug by reducing renal clearance.  

One would expect that with a peripherally restricted SSRI, the same responses 

would be observed following 6-day SSRI treatment within our models. Specifically, one 

would predict that the homeostasis of serotonin in the blood would be altered, leading to 

decrease storage of serotonin within the dense granules of platelets. If the overall amount 

of serotonin production did not change, then one would expect that extracellular 

concentration of serotonin would increase. It is possible that the increase in extracellular, 

or plasma levels of serotonin, could occur locally within the portal vein prior to degradation 

by the liver.  

In the blood, we have established an association between decreased serotonin whole 

blood levels, i.e. platelet stored serotonin, and decreased 5HT2AR expression. We predict 
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that the missing link between these two observations is a brief increase in plasma serotonin 

levels within the portal vein leading to 5HT2AR receptor desensitization. One would predict 

that a peripherally restricted SSRI would cause a similar effect. Furthermore, we believe 

that this approach is preferable than a 5HT2AR antagonist, because SSRI treatment 

potentially desensitizes 5HT2AR signaling, and likely engages other signaling cascades 

through β-arrestin and other intracellular proteins. Further work is needed to test these 

hypotheses.  

Serotonin homeostasis: bridging physiology and pharmacology 

Serotonin homeostasis model  

To better understand the role of SERT and serotonin in the periphery, it would be 

beneficial to model the production and metabolism of serotonin using system biology and 

computational model approaches. The production of a serotonin homeostasis model may 

shed light on the possible effect of lost SERT function within the periphery. Additionally, 

these models could be used to predict and characterize other serotonin-related pathological 

conditions such as hypertension, IBS, or even health concerns involving obesity associated 

diabetes (M. Berger, Gray, and Roth 2009; Hervé et al. 1995; Dennis L Murphy and Lesch 

2008; Gershon and Tack 2007). Finally, an accurate serotonin homeostasis model could 

help predict how serotonergic drugs would behave in vivo. Generating and validating a 

holistic homeostasis model is no simple undertaking, however. To create a homeostasis 

model one needs an in-depth knowledge of all aspect of the pharmacokinetics and 

pharmacodynamics of the molecule in question. Fortunately, as discussed in chapter 3, 

there is much known about serotonin homeostasis. Production of this preliminary model 
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shed will light on the weakness in our understanding of physiological mechanisms that 

remain unresolved.  

A broad conceptual understanding of serotonin homeostasis through a 

pharmacology lens will elucidate the levels of serotonin and potential mechanisms for 

peripheral conditions such as platelet activation mechanisms involved in a number of 

cardiovascular diseases such as hypertension and acute coronary syndrome (ACS), irritable 

bowel disease (IBS), and diabetes (Lichtman et al. 2014; Nazir et al. 2015; Gershon and 

Tack 2007; Malyszko et al. 1994). We are particularly interested in the regulation of 

serotonin in the blood component and will discuss the regulation of serotonin within the 

blood compartment.  

Typically, serotonin is associated with mood, appetite, and sleep, through its 

described role as a neurotransmitter (Park et al. 2014; Wozniak et al. 2011; Ohno et al. 

2015). However, its regulatory role in multiple disease states suggests a substantial role in 

peripheral function. The serotonin system can be conceptualized as an endocrine-like 

system that modulates the function of various systems including cardiovascular vascular 

responses (Musumeci et al. 2015; Fraer and Kilic 2015), gastrointestinal functions, 

inflammation, as well as platelets activation (J. S. Berger et al. 2013; Bismuth-Evenzal et 

al. 2012b; Ziu et al. 2012). The major location and movement of serotonin occur within the 

blood component where it is stored within platelet granules.  This is in addition to the 

central nervous system effects which is strongly linked to impairments in serotonin 

neurotransmission (Fakhoury 2015; F Artigas et al. 1996; Park et al. 2014; Wozniak et al. 

2011). Serotonin neurons also play a significant role in bladder function (Burgard, Fraser, 

and Thor 2003), gastrointestinal mechanical modulation (Mawe and Hoffman 2013; 
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Gershon 2013), and lung function (Dawson et al. 1987; Sherwin et al. 1986). Because 

serotonin is unable to cross the blood-brain barrier (BBB), this suggests separate and 

distinct serotonergic regulation mechanisms in the peripheral and central system. 

To understand the pharmacokinetic and pharmacodynamics of serotonin, 

knowledge of tryptophan (Trp) is crucial. Trp is an essential amino acid attained only 

through diet (Gershon and Tack 2007; Mangge et al. 2014; Musumeci et al. 2015). The 

nutritional intake of L-Trp is therefore crucial for serotonin homeostasis. In several studies, 

the reduction or absence of L-Trp in the daily diet was demonstrated to cause a decrease in 

the levels of brain serotonin (Fernstrom 2013). The goal is to determine if a model of 

peripheral regulation of serotonin homeostasis is able to predict and elucidate pathological 

mechanisms involved in disease.  

First, this means producing a schematic model of serotonin homeostasis (Figure 

36), that could be used to ascertain whole blood serotonin levels based on input of 

tryptophan. Secondly, this model would incorporate the mechanisms of pharmacokinetics 

and pharmacodynamics of serotonin and tryptophan as well as regulatory controls. This 

includes kinetics values for the enzymes that produce and metabolize serotonin as well as 

the rates of the transporter for the vast array for transporters for both tryptophan and 

serotonin. Furthermore, we have included a circuit-like map of the serotonin homeostasis 

model to orient the viewer to the location of serotonin or its related molecules (Figure 36).  

To produce this map requires a systems biology approach that incorporates multiple organ 

dynamics and functions. To make this model we have also utilized the core principles of 

pharmacokinetics and pharmacodynamics.  
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Future work with build a computation model when specific enzymatic or uptake 

rates can be modified and their effects on serotonin homeostasis can be determined. Many 

have tried to correlated whole blood serotonin levels to a variety of pathologies, but these 

finding are controversial (Malyszko et al. 1994; Janusonis 2008; DeLisi et al. 1981). Using 

our model, we can better predict how specific mutations on key enzymes or transporters 

could potentially disrupt serotonin homeostasis (Greenberg et al. 1999). Furthermore, we 

test how SSRI treatment affects either local or total levels of extracellular or plasma 

serotonin.  

 

 

Figure 36. The initial model of serotonin homeostasis.  
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