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ABSTRACT 

Splinter, N. P. In vitro effects of cold storage on human and 13-lined ground squirrel 
platelet apoptosis. M.S. in Biology: Cellular and Molecular Biology, August 2021, 47pp. 
(S. Cooper)  

Platelet transfusions are an essential therapy for conditions resulting in 
thrombocytopenia. Platelet storage time at room temperature is limited to five days due to 
microbial contamination and platelet storage lesions. The potential for cold storage 
remains to be seen as human platelets stored at 4oC are rapidly cleared from circulation 
post-transfusion. Unlike human platelets, the platelets of the 13-lined ground squirrel are 
not rapidly cleared from circulation if they are chilled prior to transfusion. To investigate 
if the rapid clearance of cold-stored platelets from circulation is due to apoptosis, 
programmed cell death, human and ground squirrel platelets were isolated, stored at room 
temperature or 4oC, labelled with fluorescent markers of apoptosis, and analyzed by flow 
cytometry. Cold storage (4oC) caused human platelets to display significant (p<0.05) 
increases in phosphatidylserine surface expression and caspase activation after only 3 
days and progressively increased throughout storage, indicating that apoptosis has 
occurred. In contrast, no significant changes were observed in ground squirrel platelets 
stored at 4oC relative to fresh sample. These results suggest that ground squirrels have 
developed physiological mechanisms that prevent their platelets from undergoing 
apoptosis when stored in the cold, potentially contributing to their platelets remaining in 
circulation during and following hibernation.  
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INTRODUCTION 

Platelets and Primary Hemostasis  

 Platelets, or thrombocytes, are relatively small (2-3 µm), anucleate blood cells 

that serve critical roles in several physiological processes including hemostasis and 

thrombosis following vascular injury. These seemingly simple blood cells are introduced 

into circulation from the bone marrow via shedding from their parent cells, 

megakaryocytes, through the process of thrombopoiesis. During thrombopoiesis, platelets 

obtain all the necessary cellular machinery needed to survive and function in circulation. 

To maintain a steady concentration of platelets in the bloodstream of ~150-450x109 

platelets per liter of blood, megakaryocytes release nearly 1011 platelets into circulation 

every day, with approximately that same number of platelets being cleared from 

circulation to maintain homeostasis (Grozovsky et al., 2015). Once in circulation, human 

platelets have a short life span of approximately 8-10 days before they either become 

activated and are subsequently used in hemostatic processes or they undergo apoptosis, 

programmed cell death, and are cleared by the reticuloendothelial system (Aster, 1966; 

Leeksma & Cohen, 1956).  

 Prior to participating in hemostatic processes, discoid platelets circulate in an 

inactive state. Following physical damage to a blood vessel wall, collagen fibers on the 

subendothelial matrix become exposed allowing circulating von Willebrand factor 
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(vWF) to bind to this exposed collagen. This now immobilized vWF acts as a binding site 

for platelets which adhere to the vessel wall by binding vWF through the surface receptor 

glycoprotein Ibα (GPIbα). Following this initial interaction, these platelets become 

activated and subsequently secrete hundreds of bioactive molecules involved in recruiting 

other platelets to the injury site, as well as undergoing morphological changes through 

actin cytoskeletal remodeling that favor adhesion and aggregation (Coppinger et al., 

2004; Golebiewska & Poole, 2015; Hartwig, 1992; Posch et al., 2013). As more platelets 

are recruited to this area, they have the ability to aggregate together through interactions 

between the surface receptor glycoprotein IIb/IIIa (GPIIb/IIIa, Integrin αIIbβ3) and 

circulating fibrinogen (Fig 1; Cooper et al., 2017). These early events comprise primary 

Figure 1. Schematic of platelet’s role in primary hemostasis. Following physical 
damage to a blood vessel wall, circulating von Willebrand factor (vWF) binds to 
exposed collagen on endothelial and subendothelial surfaces. Platelets then adhere to 
the vessel wall by binding vWF through glycoprotein Ibα (GPIbα) surface receptors. 
Once bound, platelets become activated and aggregate together at the injury site by 
binding fibrinogen via glycoprotein IIb/IIIa (GPIIb/IIIa) surface receptors (Cooper et 
al., 2017).  
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hemostasis which is followed by secondary hemostasis involving an enzymatic cascade 

that produces a fibrin clot.  

Based on the critical role that platelets play in hemostasis, thrombosis, and the 

maintenance of homeostasis within the human body, platelet transfusions have become an 

important therapeutic option in many healthcare settings. Platelet administration through 

transfusions is used in the treatment of severe bleeding or hemorrhage, given to patients 

undergoing chemotherapy, and administered to many other individuals that may have 

conditions resulting in thrombocytopenia. In 2011, it was estimated that nearly 2.2 

million platelet units were transfused in the United States alone (Whitaker, 2013). 

Despite the high demand and usage rates of platelets in the U.S., approximately 17% of 

collected whole-blood derived platelets and 13% of apheresis platelets became outdated 

before they could be administered to patients (Whitaker, 2013). This outdating is 

primarily due to platelets having a shelf-life of 5 days at room temperature (~20-24oC) 

with gentle agitation as determined by the U.S. Food and Drug Administration (U.S. 

Food and Drug Administration, 2020). Although this storage period is limited, it does 

reduce the risk of microbial contamination, as well as ensuring that platelets can 

adequately survive in circulation and function in hemostasis following transfusion.  

Current Platelet Storage Conditions   

Currently, the most reliable method for platelet storage is at room temperature, 

but it does have several drawbacks associated with it. Although modern methods of 

microbial testing and pathogen reduction have significantly reduced the risk of microbial 

contamination, this is still the primary concern with the room temperature storage of 

platelets as septic infections can be life threatening if not caught and treated in time 



4 

 

(Hong et al., 2016). Additionally, although human platelets stored at room temperature do 

offer some degree of therapeutic efficacy, there are decreases in platelet quality and 

functionality during this storage period. These detrimental changes that platelets obtain 

during storage are termed platelet storage lesions (PSLs).   

 During room temperature storage, platelets are metabolically active resulting in 

increases in metabolic byproducts that decrease the pH and further contribute to the 

platelet’s deterioration and loss of viability (Murphy & Gardner, 1975; Murphy & 

Gardner, 1971; Sandgren et al., 2007). Additionally, platelets can become activated, 

release their granule contents, or undergo apoptosis during this storage period (Perrotta et 

al., 2003; Rinder & Ault, 1998; Sandgren et al., 2007). These physiological changes that 

occur in platelets makes room temperature storage less than ideal, but improved, long-

term storage options have remained elusive. Alternative storage conditions that have been 

considered include their storage in platelet additive solutions, temperature-cycling, 

cryopreservation of platelet concentrates, and their storage at colder temperatures (Kelly 

& Dumont, 2019; Marini et al., 2019; Vostal et al., 2018). Although several of these 

methods have shown some potential for the long-term storage of platelets, many have 

their own negative effects associated with them.  

Cold Storage of Platelets 

 Up until the 1970s, the cold storage of platelets was utilized due to its simplicity 

and a reduced risk of microbial contamination. This method was quickly abandoned once 

the circulatory time of platelets stored at 4oC was determined to be 1-2 days opposed to 

nearly 4 days for platelets stored at room-temperature (~22oC) (Murphy & Gardner, 

1969; Stolla et al., 2020). In addition, there are several other morphological and 
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physiological changes that occur during cold storage that impact platelet’s ability to 

function in hemostasis following rewarming. During cold-storage, morphological 

changes are observed when normally discoid platelets take on a spherical shape when 

exposed to colder temperatures (0oC) (Zucker & Borrelli, 1954). Despite this significant 

change in the platelet’s shape, it has been demonstrated that the shape change alone does 

not result in their clearance from circulation (Hoffmeister et al., 2003).  Additionally, 

there are changes to GPIbα surface receptors following cold storage that are thought to 

play a role in the platelet’s clearance from circulation. These changes include receptor 

clustering and the removal of sialic acid residues, which subsequently exposes a 

galactose residue that can act as a recognition site for hepatic macrophages (Hegde et al., 

2018; Rumjantseva et al., 2015; van der Wal et al., 2010). 

 Despite the significant decrease in the platelet lifespan following transfusion, as 

well as the changes to platelet morphology and their ability to function, the long-term 

storage of platelets at colder temperatures has remained of interest due to several 

improved physiological characteristics. Platelets stored at 4oC show several changes in 

vitro including decreased activation and rates of glycolysis, while demonstrating 

improved pH stability, and improved stimulation by physiological agonists (Kattlove et 

al., 1972; Sandgren et al., 2007). In addition, platelets that are stored in the cold show 

greater clot strength, as well as improved clotting ability in vitro, suggesting that these 

platelets may be superior for hemostasis following transfusion (Getz et al., 2016; Nair et 

al., 2017; Reddoch et al., 2014). Although cold-stored platelets do appear to maintain 

their quality during storage and have a more pronounced ability to function in hemostasis, 
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these benefits are negated if the platelets are not capable of surviving in circulation post-

transfusion.  

Apoptosis as a Clearance Mechanism for Cold-Stored Platelets 

 The mechanisms behind the rapid clearance of cold-stored platelets from 

circulation post-transfusion are not well understood, but one of the many mechanisms 

that could be involved is apoptosis or programmed cell death. Apoptosis was initially 

thought to be a mechanism of controlled cell death that only occurred in nucleated cells, 

but has since been shown to occur in anucleate platelets through a mitochondrial 

dependent, intrinsic apoptotic mechanism (McArthur et al., 2018). Apoptosis can occur in 

response to various stimuli including chemical or physical stressors, as well as following 

exposure to oxidative stress (Leytin, 2012). The process of apoptosis is highly regulated 

in the body and ensures that unwanted or damaged cells are removed without inducing 

inflammation which can result from other forms of cellular death.  

While various apoptotic pathways are known to exist within cells, this process in 

anucleate platelets is thought to occur through a distinct intrinsic mechanism involving 

pro- and anti-apoptotic proteins within the Bcl-2 protein family as well as being reliant on 

the integrity of the outer mitochondrial membrane (Mason et al., 2007; van der Wal et al., 

2010; Zhang et al., 2007). The Bcl-2 protein family consists of three classes of specific 

proteins that play critical roles in both the prevention and activation of the apoptotic 

pathway. In a healthy cell, anti-apoptotic Bcl-2 proteins including Bcl-2 and Bcl-xL keep 

pro-apoptotic proteins in check to ensure that the cell does not progress towards apoptosis 

(Zhang et al., 2007). If this balance is not maintained, the pro-apoptotic proteins Bak and 

Bax can become activated and initiate the apoptotic cascade. Additionally, there is a third 
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subset of Bcl-2 proteins, BH3-only members, that are thought to interact with and inhibit 

pro-survival proteins, thus allowing for the activation of Bak and Bax which ultimately 

pushes the cells towards apoptosis (Willis et al., 2007). Although apoptosis in platelets is 

heavily reliant on the balance of Bcl-2 proteins, there are several other critical events that 

are thought to be involved.  

During or following cold storage, there is receptor clustering of GPIbα surface 

receptors that leads to Bad release from adapter protein 14-3-3ζ and its subsequent 

dephosphorylation (van der Wal et al., 2010). This allows for a Bad-Bcl-xL interaction 

that prevents Bcl-xL from restraining pro-apoptotic Bak and Bax. These now free pro-

apoptotic proteins can oligomerize in the mitochondrial membrane and create pores that 

allow for the release of cytochrome c and the activation of caspases, a group of cysteine 

Figure 2. Mechanism of cold storage-induced platelet apoptosis. Following cold storage, 
arachidonic acid (AA) is released from the membrane causing the dissociation of 
phosphorylated Bad from adapter protein 14-3-3ζ. The dephosphorylation and activation 
of Bad subsequently cause the release of Bak and Bax from Bcl-xL.  Free Bak and Bax 
are now capable of oligomerizing in the mitochondrial membrane resulting in the release 
of cytochrome c, the activation of caspases, and ultimately cell death (van der Wal et al., 
2012). 
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proteases that have the potential to cleave hundreds of intracellular substrates resulting in 

cell death (Figure 2; van der Wal et al., 2012; van der Wal et al., 2010).  

 While there are several other forms of cellular death that are known to occur, 

apoptosis does have several distinct events and changes that allow for its identification in 

platelets. During and following apoptosis, there are numerous biochemical and 

morphological changes that occur to platelets including changes in apoptotic protein 

expression or phosphorylation patterns, loss of mitochondrial membrane potential (ΔΨM), 

release of cytochrome c from the mitochondria to the cytosol, activation of caspases, 

phosphatidylserine (PS) exposure on the platelet’s surface, cell shrinkage, blebbing of the 

cell membrane, and the shedding of microparticles (Figure 3; Leytin, 2012; 

Schoenwaelder et al., 2011). Following cold storage, many of these events are observed 

in human platelets including loss of the ΔΨM, caspase activation, and PS exposure on the 

platelet surface (Gitz et al., 2012; Stolla et al., 2020; van der Wal et al., 2012; van der wal 

et al., 2010). Additionally, the lifespan of mouse platelets is dependent on the balance of 

Figure 3. Morphological features of ABT-737 induced apoptosis in human platelets. 
Human platelets were resuspended in Tyrode’s Buffer before being treated with the BH-3 
mimetic ABT-737 (1.0µM) for incubation times ranging from 0 to 180 minutes. Platelet 
suspensions were fixed with paraformaldehyde before being analyzed by scanning 
electron microscopy. Morphological changes observed include transformation from 
discoid to spherical shape, expression of filopodia, and membrane blebbing at later stages 
(Schoenwaelder et al., 2011).   
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several Bcl-2 proteins. In mice treated with the BH3 mimetic, ABT-737, an inhibitor of 

pro-survival Bcl-2, Bcl-xL, and Bcl-w proteins, or in mice with mutant Bcl-xL, the 

lifespan of platelets is shortened whereas in mice with mutations in Bak or Bax, the 

lifespan is extended (Mason et al., 2007; Zhang et al., 2007). These observations not only 

confirm that apoptosis occurs in anucleate platelets, but also demonstrates that cold 

storage may play a role in its activation by interfering with the carefully maintained 

balance of proteins within this pathway.  

The 13-Lined Ground Squirrel as an Animal Model 

 The 13-lined ground squirrel (Ictidomys tridecemlineatus) is a hibernating 

mammal that has profound physiological characteristics that allow it to survive the 

extreme conditions associated with hibernation. During a hibernation season which lasts 

between 6-7 months, ground squirrels will go through 10-20 cycles of extended periods 

of torpor which are interrupted by brief interbout arousals (IBAs) lasting 12-24 hours 

(Figure 4; Carey et al., 2003). During torpor, their body temperature and heart rate drop 

to 4-8oC and 3-5 beats/min, respectively, before returning to the euthermic 35-38oC and 

having their heart rate increase to 200-300 beats/min during IBAs or when they fully 

awake in the spring (Lechler & Penick, 1963; Zatzman, 1984). These drastic changes in 

body temperature and heart rate during torpor put the squirrels at risk for the formation of 

unnecessary and potentially lethal blood clots. To prevent this, there are 90% drops in 

platelet levels in circulation, as well as 70% decreases in clotting factors VIII and IX 

during hibernation (Lechler & Penick, 1963; Reddick et al., 1973).  
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 During hibernation and in vitro cold storage, there is a temperature dependent 

reorganization of the circumferential microtubule ring that causes the ground squirrel’s 

normally discoid platelets to shift to an elongated rod morphology (Cooper et al., 2012). 

This morphological change is thought to allow for the platelet’s sequestration in the liver 

during torpor before they are subsequently released back into circulation, revert to their 

discoid shape, and are fully functional within two hours of their body temperature 

returning to 37oC (Cooper et al., 2017; Cooper et al., 2012; de Vrij et al., 2014). 

Additionally, whereas chilled platelets from a non-hibernating mammal such as a rat 

show increased rates of platelet clearance from circulation post-transfusion, chilled 

platelets from a ground squirrel show a normal, if not improved, lifespan in circulation 

following transfusion (Figure 5; Cooper et al., 2012). Furthermore, rat platelets that were 

Figure 4. Annual torpor and interbout arousal cycles in the 13-lined ground squirrel. 
During hibernation, which can last between 6-7 months, the 13-lined ground squirrel will 
go through extended periods of torpor which are interrupted by short interbout arousals 
(IBAs) lasting 12-24 hours. During torpor, the ground squirrel’s body temperature will 
drop to 4-8oC. During interbout arousals, or when the squirrel fully awakes in the spring, 
their body temperature returns to the euthermic 37oC. Stages of the hibernation cycle are: 
EN, entrance; ET, early torpor; LT, late torpor; AR, arousal; IBA, interbout arousal 
(Carey et al., 2003). 
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exposed to colder temperatures prior to transfusion were taken up by Kupffer cells at 

higher rate than those stored at 37oC, whereas temperature did not play a role in the 

uptake of ground squirrel platelets by Kupffer cells (Cooper et al., 2012). These 

observations of how ground squirrel platelets tolerate hibernation and cold storage 

suggest that their platelets may be resistant to cold storage induced lesions and clearance 

from circulation that is seen in other non-hibernating mammalian species.   

Significance 

Platelet transfusions are one of the most used therapeutic treatments for patients 

with thrombocytopenia in healthcare settings, yet their limited storage time at room-

temperature limits accessibility for many hospitals, as well as their efficacy from 

Figure 5. Post-transfusion clearance rates of rat and 13-lined ground squirrel platelets 
chilled to 4oC or kept at 37oC.  Rat or ground squirrel platelet samples were taken, 
chilled to 4oC or kept at 37oC for 2 hours, labelled with either CellTracker-Green or 
Biodipy 630/650 and simultaneously transfused into the same animal. Post-transfusion 
platelet samples were taken at various time points and analyzed by flow cytometry to 
determine the percentage of platelets remaining in circulation (Cooper et al., 2012). 
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transfusion. Previously shown, human platelets do not tolerate cold storage as they are 

rapidly cleared from circulation post-transfusion by a mechanism that is not fully 

understood (Murphy & Gardner, 1969). Unlike human platelets, the platelets of the 13-

lined ground squirrel remain functional following hibernation at 4-8oC and are not rapidly 

cleared from circulation if they are chilled prior to transfusion (Cooper et al., 2012). 

Improved understanding of the potential role of apoptosis in the rapid clearance of cold-

stored platelets post-transfusion could ultimately lead to the ability to store platelets for 

longer periods of time without the risk of bacterial contamination or detrimental PSLs.  

Specific Aims  

 Previous studies have demonstrated that the cold storage of human platelets 

results in their rapid clearance from circulation post-transfusion, whereas ground squirrel 

platelets that have been chilled to 4oC are cleared from circulation at a normal rate. It has 

also been shown in vitro that human platelets undergo apoptosis following their storage at 

colder temperatures. Based on this previous knowledge, this study aims to address two 

primary specific aims. The first objective is to determine the prevalence of apoptosis in 

vitro in human and 13-lined ground squirrel platelets following cold storage, as well as 

determining if the amount of time spent in the cold is a significant factor involved in the 

activation of apoptosis. If differences are observed that indicate that ground squirrel 

platelets are more resistant to apoptosis relative to human platelets following cold 

storage, specific markers of apoptosis will be used to determine what differences may 

contribute to human platelets undergoing apoptosis following cold storage.
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MATERIALS AND METHODS 

Animal Care and Hibernation Stage Classification 

The 13-lined ground squirrels used in this study were wild-caught from 

Trempealeau Mountain Golf Club (Trempealeau, Wisconsin), obtained from the 

University of Wisconsin-Oshkosh, or born in captivity.  These ground squirrels were 

housed in the University of Wisconsin-La Crosse’s Health Science Center according to 

protocols submitted to and approved by the Institutional Animal Care and Use Committee 

(IACUC). Non-hibernating animals were housed individually in rat cages in rooms with 

controlled lighting. The room’s lighting was set to maintain a light-dark environment that 

simulates the photoperiods found in Wisconsin, therefore lighting was gradually 

decreased from 15.5 hours in June to 9 hours in December, before being increased back 

to 15.5 hours by June. From April to late September, ground squirrels that were 

designated as being active were awake with a body temperature of ~37oC. All animals 

used in this study were in a non-hibernating, active state. In late September, the ground 

squirrels begin to prepare for entrance into hibernation when their internal body 

temperature approaches room temperature (~25oC) and they begin to minimize their 

activity. These animals were moved from their initial room-temperature cages to a 4oC 

hibernaculum where they were monitored daily for arousal. During a hibernation season, 

the ground squirrels will go through extended periods of torpor, at which time the 

animal’s body temperature drops below 10oC. These periods of torpor, which can last 

from days to weeks, will be interrupted by short interbout arousals (IBAs), during which 
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time the ground squirrels will restore their non-hibernating body temperature (~37oC) and 

activity for 12-24 hours before entering the next stage of torpor. If the ground squirrels 

were awake and alert for more than two consecutive days due to IBAs, which may 

happen later in the hibernation season, they were removed from the hibernaculum. In 

March, ground squirrels that had not yet fully awoken were aroused manually and moved 

from the hibernaculum to their initial room-temperature cages where they remained until 

the following hibernation season.  

Blood Collection and Isolation of Platelets 

Whole blood samples were obtained from the tail arteries of healthy, non-

hibernating ground squirrels that had been anesthetized with isoflurane (1.5-5%). For 

each assay performed, blood samples from 5-6 ground squirrels were taken. All blood 

draw volumes from ground squirrels were 1.0 ml and were collected in 150 µl of 

anticoagulant, acid citrate dextrose (ACD), before being diluted with 200 µl of Tyrode’s 

buffer (12mM NaHCO3, 138mM NaCl, 5.5mM glucose, 2.9mM KCl, and 10mM 

HEPES, pH 7.4). Healthy human volunteer donors (n=6) who had agreed to their 

participation in this research via an informed consent form had 10 ml of blood drawn 

from their arm into 1.5 ml of ACD. Human and ground squirrel blood samples were 

centrifuged at 201xg in a Fisher Scientific accuSpin 8C Clinical Centrifuge for 8 minutes 

with the brake off to prevent platelet activation. Following centrifugation, the plasma, 

buffy coat, and some red blood cells were transferred to a separate 1.5 ml microcentrifuge 

tube and centrifuged at 151xg for 6 minutes with the brake off. Following centrifugation, 

the platelet rich plasma (PRP) was removed and aliquoted to separate 1.5 ml 

microcentrifuge tubes. These tubes corresponded to fresh sample (day 0) and were 
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analyzed immediately, or they were placed in a refrigerator at 4oC or kept at room-

temperature (RT; ~25oC) on a rocker for 3, 5, 7, or 10 days before being analyzed (Figure 

6). Samples that were gently rocked at RT corresponded to the current storage conditions 

for platelet concentrates that are used by blood banks and hospitals.  

CellTracker Orange Cell Viability Assay   

 Following isolation of human and ground squirrel platelets, aliquots from fresh 

samples or from stored platelet samples were transferred to a microcentrifuge tube and 

diluted in a 1:10 dilution of Tyrode’s buffer. After dilution of the sample, a 75 µl aliquot 

of sample was added to a microcentrifuge tube before adding CellTracker Orange CMRA 

(Invitrogen; CMO) at a final concentration of 2.0µM. One 75 µl aliquot of each sample 

Figure 6. Collection and isolation of platelets from whole blood. Whole blood was 
collected from either a 13-lined ground squirrel or from a volunteer human donor in 
acid citrate dextrose (ACD). Whole blood was centrifuged at 201xg for 8 minutes 
before the plasma, buffy coat, and some red blood cells (RBCs) were transferred to 
microcentrifuge tube. This microcentrifuge tube containing the sample was 
centrifuged for 6 minutes at 151xg before the platelet rich plasma (PRP) was 
removed and aliquoted to separate tubes. Fresh sample was immediately analyzed 
while the other tubes were either rocked gently at room-temperature (RT) or placed in 
a refrigerator at 4oC for analysis at days 3, 5, 7, and 10.  
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was not labelled with CMO as it served as a negative control. CMO is a fluorescent dye 

that freely passes through the cell membrane, where it is then converted into a cell-

impermeant product through enzymatic cleavage in living cells. Labelled platelets were 

incubated on a heat block at 37oC for 30 minutes before centrifugation at 805xg for 5 

minutes. Following centrifugation, the supernatant was removed, and the platelet pellet 

was resuspended in 500 µl of phosphate buffered saline (PBS).  Once resuspended, the 

platelets were analyzed using a Benton Dickenson Accuri C6 Flow Cytometer and 10,000 

events were recorded. The fluorescent light 2 (FL-2) filter was used as it detects 

wavelengths between 540nm and 585nm, allowing for the detection of the CMO dye 

which has peak excitation and emission wavelengths of 548nm and 576nm, respectively.  

Annexin V Assay  

 To determine the externalization of the membrane phospholipid 

phosphatidylserine, an event associated with apoptosis, an Annexin V:PE assay (Bio-

Rad) was utilized. Fresh and stored platelets were diluted in a 1:10 dilution of Tyrode’s 

buffer before being aliquoted to separate microcentrifuge tubes with a total volume of   

75 µl. As a positive control, ABT-737 (Selleckchem) was added to an aliquot of the 

sample at a final concentration of 10µM and incubated at RT for 30 minutes, while 

another aliquot of sample served as a negative control without the addition of Annexin V. 

ABT-737 is a BH3 mimetic and an inhibitor of several pro-survival Bcl-2 proteins 

including Bcl-2, Bcl-w, and Bcl-xL (Li et al., 2016). Samples were then centrifuged at 

805xg in an Axygen Axyspin Refrigerated microcentrifuge for 5 minutes before the 

supernatant was removed. The platelet pellet was washed and resuspended in 25 µl of 1x 

Annexin V binding buffer, and 1.25 µl of Annexin V conjugated to phycoerythrin (PE) 
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was added to the sample. These labelled platelets were incubated at RT for 15 minutes 

before being washed twice and resuspended in 1x Annexin V binding buffer. Labelled 

platelets were analyzed on a flow cytometer set to record 10,000 events. The fluorophore 

PE has peak excitation and emission wavelengths of 496nm and 578nm, respectively, so 

the FL-2 filter was used to record fluorescence between 540nm and 585nm.  

MitoProbe JC-1 Assay  

 To further investigate the effects of cold storage on platelet apoptosis, the cationic 

dye, MitoProbe JC-1 (Invitrogen), was used to examine the mitochondrial membrane 

potential in stored platelets (Verhoeven et al., 2005). As previously performed, human 

and ground squirrel platelets were diluted in Tyrode’s buffer and added to 

microcentrifuge tubes at a total volume of 75 µl. As a positive control, the mitochondrial 

membrane uncoupler carbonyl cyanide 3-chlorophenylhydrazone (CCCP) was added at a 

final concentration of 50µM, while a separate aliquot was not labelled with JC-1 and 

served as a negative control. Remaining aliquots from each sample were labelled with 

JC-1 at a final concentration of 0.5µM and incubated at 37oC in a heat block for 30 

minutes. Following incubation, cells were centrifuged at 805xg for 5 minutes before 

being washed and resuspended in 500 µl of phosphate buffered saline (PBS). 

Resuspended platelets were analyzed by flow cytometry utilizing fluorescent light 1 (FL-

1) and fluorescent light 2 (FL-2) to obtain a count of 10,000 events. Mitochondrial 

depolarization is characterized by a shift from red fluorescence (590nm) to green 

fluorescence (529nm). In a healthy, polarized mitochondria, JC-1 forms J-aggregates and 

fluoresces red within the mitochondria, whereas a depolarized mitochondrial membrane 

causes JC-1 to appear in the monomeric form in the cytoplasm which results in it 
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fluorescing green, thus allowing for the differentiation between healthy and apoptotic 

cells (Figure 7; Gyulkhandanyan et al., 2012). To determine the degree of mitochondrial 

depolarization, the FL2/FL1 ratio was determined, therefore a decrease in this ratio 

suggests a loss of mitochondrial membrane potential.  

FAM FLICA Poly Caspase Assay  

 To analyze one of the final events associated with the intrinsic apoptotic pathway, 

the activation of caspases, the FAM FLICA Poly Caspase Kit (Bio-Rad) assay was used. 

The activation of caspases, a specific group of proteolytic enzymes, results in the 

cleavage of hundreds of intracellular substrates that ultimately leads to cell death. This 

FLICA dye is cell permeable and binds to several activated caspases resulting in 

increased fluorescence within these cells. Following the dilution of PRP in Tyrode’s 

buffer, ABT-737 was added to an aliquot of sample at a final concentration of 10µM and 

Figure 7. Shift in JC-1 fluorescence following mitochondrial membrane depolarization 
in apoptotic platelets. In healthy mitochondria, JC-1 dye will accumulate in the 
mitochondria forming J-aggregates, whereas in mitochondria that have depolarized, the 
dye will be less concentrated in the cytoplasm and remain in a monomeric state. J-
aggregates will emit light at approximately 590nm which corresponds to FL-2 (red), 
while the monomeric form emits light at 529nm and is detected by FL-1 (green).  
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incubated at room-temperature for 30 minutes. Following this incubation, 2.5 µl of 30x 

FLICA solution was added, mixed, and incubated on a heat block at 37oC for 30 minutes. 

One aliquot from each sample was not labelled with FLICA solution as a negative 

control. The sample was then centrifuged at 201xg for 5 minutes, before being washed in 

100 µl of 1x apoptosis wash buffer twice. Following the second centrifugation, the 

labelled platelet pellet was resuspended in 100 µl of apoptosis wash buffer and analyzed 

using a flow cytometer set to read 10,000 events. The fluorophore carboxyfluorescein 

(FAM) has peak excitation and emission wavelengths corresponding to 494nm and 

520nm and was detected and quantified using the FL-1 filter on the flow cytometer.  

Data Normalization  

 For the JC-1, Annexin V, and Caspase FLICA assays, a matched fresh aliquot of 

each sample was normalized to one. Samples stored for 3, 5, 7, and 10 days at RT or 4oC 

were normalized to the fresh sample to give a relative fold change.  
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RESULTS 

Human and Ground Squirrel Platelet Viability Following Storage   

 To determine the viability of human and ground squirrel platelets following 

storage, platelets were stored at RT or 4oC for 3, 5, 7, or 10 days, labelled with CMO, and 

analyzed by flow cytometry. When CMO enters a living cell, the dye is enzymatically 

cleaved and transformed so that it is retained and fluoresces within that cell. Values are 

given as the mean percentage ± standard error of the mean and statistical significance was 

determined using a two-tailed, paired t-test.  Following storage, the viability of human 

platelets stored at RT or at 4oC did not change significantly at any point over the duration 

of their storage (Figure 8A). Similarly, to human platelets, ground squirrel platelets 

stored at 4oC demonstrated a consistent degree of viability during the storage period with 

greater than 90% of the platelets remaining viable at all time points. Unlike ground 

squirrel platelets stored at 4oC, those stored at RT showed a decrease in viability over 

time. The most significant differences between ground squirrel platelets stored at 4oC and
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RT were observed at days 5, 7, and 10 (91.8 ± 2.8% vs. 76.1 ± 4.8%, p=0.05; 93.7 ± 

3.7% vs. 38.0 ± 7.2%, p=0.003; and 97.4 ± 0.4% vs. 54.7 ± 8.4%, p=0.007) (Figure 8B).  

Phosphatidylserine Surface Exposure Following Storage 

 To determine the rates of phosphatidylserine surface exposure on the platelet 

surface following storage, human and ground squirrel platelets were stored at RT or 4oC 

for 3, 5, 7, or 10 days before being labelled with Annexin V conjugated to PE. Flow 

cytometry analysis allowed for the differentiation between healthy platelets and those that 

are Annexin V-PE positive as demonstrated by an increased number of cells, represented 

by dots, displaying a high FL-2 fluorescence after 7 days of storage at 4oC (Figure 9A). 

Human platelets stored at RT showed a progressive increase in the fold change of 

Annexin V positive platelets over time relative to the fresh sample starting at day 3 (2.3 ± 

0.4, p=0.03) and reaching its greatest fold change at day 10 (6.0 ± 2.3, p=0.08). Cold-

stored human platelets demonstrated a drastic increase in Annexin V positive platelets as 

Figure 8. In vitro viability of human and ground squirrel platelets following room 
temperature or 4oC storage for up to 10 days. (A) Human and (B) ground squirrel platelets 
were stored at RT (solid line) or at 4oC (dashed line) for 3, 5, 7, or 10 days and labelled 
with CMO to determine platelet viability. Values are given as the mean percentage ± 
standard error of the mean. Statistical significance was determined using a two-tailed, 
paired T-test on a comparison between fresh sample and corresponding stored sample. 
*p<0.05, **p<0.01; n=6 for human samples and n=5 for ground squirrel samples.  
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early as day 3 and remaining high throughout the length of storage when compared to the 

fresh sample, with significant (p<0.05) differences being observed at days 3, 5, and 10. 

When comparing RT to 4oC storage, significant fold differences were observed at days 3, 

5, and 7 (2.3 ± 0.4 vs. 8.5 ± 2.4, p=0.04; 2.5 ± 0.6 vs. 8.5 ± 2.5, p=0.05; 3.1 ± 1.1 vs. 8.7 

± 3.0, p=0.04) (Figure 9B).  

 Whereas human platelets stored at 4oC showed a greater fold change in Annexin 

V positive cells relative to samples stored at RT, ground squirrel platelets stored at 4oC 

showed relatively low rates of Annexin V positive cells with a slight, but not significant 

increase occurring at day 3 (4.1 ± 1.9, p=0.1), before decreasing throughout the 

remaining days of storage. Also, in contrast to human platelets, ground squirrel platelets 

stored at RT showed significant increases in Annexin V positive cells at days 3 and 10 

Figure 9. In vitro Annexin V labelling of human platelets stored at room temperature or 
4oC. (A) Flow cytometry dot plots showing side scatter and Annexin V-PE (FL-2) of 
human platelets without Annexin V (negative control) and platelets with Annexin V from 
fresh sample (day 0), RT storage for 7 days, and storage at 4oC for 7 days. (B) Fold 
change in Annexin V positive stored platelets relative to fresh sample. Values are given 
as mean ± standard error of the mean. Significance was determined using a two-tailed, 
paired T-test comparing fresh sample to corresponding stored sample. *p<0.05; n=6.  
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relative to fresh sample (2.2 ± 0.5 vs. 1.0 ± 0.0, p=0.05; 13.1 ± 4.6 vs. 1.0 ± 0.0, p=0.05) 

(Figure 10B).  

Changes in Mitochondrial Membrane Potential Following Storage 

 As a key event associated with the intrinsic apoptotic pathway, JC-1 was used to 

monitor and analyze the integrity of the mitochondria. To determine the degree of 

depolarization of the mitochondrial membrane potential, the FL2/FL1 ratio was 

determined, with a decrease representing a collapse of the mitochondrial membrane 

potential as demonstrated by the addition of CCCP to fresh sample (Figure 11B, Figure 

12B). Human platelets stored at RT did not exhibit any significant changes in 

mitochondrial membrane potential throughout the storage period, while those stored in 

Figure 10. In vitro Annexin V labelling of ground squirrel platelets stored at room 
temperature or 4oC. (A) Flow cytometry dot plots showing side scatter and Annexin V-PE 
(FL-2) of ground squirrel platelets without Annexin V (negative control) and platelets with 
Annexin V from fresh sample (day 0), RT storage for 7 days, and storage at 4oC for 7 days. 
(B) Fold change in Annexin V positive stored platelets relative to fresh sample. Values are 
given as mean ± standard error of the mean. Statistical significance was determined used a 
two-tailed, paired T-test comparing fresh sample to corresponding stored sample. *p<0.05; 
n=6. 
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the cold showed a slight, but not significant, increase in the FL2/FL1 ratio at days 3 and 7 

of storage (Figure 11B).  

Ground squirrel platelets did exhibit a more drastic change in the FL2/FL1 ratio 

during storage at RT when compared to their storage at 4oC. When stored at 4oC, ground 

squirrel platelets appeared to maintain their mitochondrial membrane potential 

throughout the storage period with no significant changes being observed when compared 

to fresh sample. RT stored samples, on the other hand, showed a significant time 

dependent decrease in the FL2/FL1 ratio at days 5 and 10 relative to fresh sample (1.0 ± 

0.0 vs. 0.35 ± 0.15, p=0.01; 1.0 ± 0.0 vs. 0.35 ± 0.11, p=0.004) (Figure 12B). 

Figure 11. In vitro measurement of mitochondrial membrane potential in human platelets 
stored at room temperature or 4oC. (A) Flow cytometry dot plot showing relationship 
between JC-1 aggregates (FL-2) and JC-1 monomers (FL-1) of human platelets. (B) The 
fold change in FL2/FL1 ratio of fresh JC-1 labelled platelets and those stored for 3, 5, 7, 
and 10 days at RT or 4oC. Values are given as mean ± standard error of the mean. 
Statistical significance was determined using a two-tailed, paired T-test comparing fresh 
sample to corresponding stored sample. ***p<0.001; n=6.  
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Caspase Activation Following Storage 

 To observe one of the final steps within the apoptotic pathway, caspase activation, 

the FAM FLICA poly caspase assay was used to determine the prevalence of platelets 

with active caspases.  If the platelets had active caspases, the FAM FLICA dye would 

cause those platelets to display a greater FL-1 fluorescence within the dot plot relative to 

healthy cells (Figure 13A, Figure 14A). Human platelets stored at RT did show an 

increase in caspase activity over time, with a significant increase being observed at day 

10 of storage relative to fresh sample (22.7 ± 5.8 vs 1.0 ± 0.0, p=0.01). Although human 

platelets stored at RT did exhibit some degree of caspase activation, this change was 

more significant for human platelets stored at 4oC. Relative to fresh, the fold change of 

Figure 12. In vitro measurement of mitochondrial membrane potential in ground squirrel 
platelets stored at room temperature or 4oC. (A) Flow cytometry dot plot showing 
relationship between JC-1 aggregates (FL-2) and JC-1 monomers (FL-1) of ground 
squirrel platelets. (B) The FL2/FL1 ratio of JC-1 labelled fresh platelets and those stored 
for 3, 5, 7, and 10 days at RT or 4oC. Values are given as the mean Values are given as 
mean ± standard error of the mean. Statistical significance was determined using a two-
tailed, paired T-test comparing fresh sample to corresponding stored sample. *p<0.05, 
**p<0.01; n=5. 
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cold-stored platelets was significant (p<0.05) at all time points observed with the greatest 

increase occurring between days 7 and 10 (20.4 ± 6.3 vs. 41.1 ± 13.4) (Figure 13B).  

 The storage of ground squirrel platelets at 4oC did result in a progressive, but not 

significant, increase in caspase activation over time. Following the trend of previous 

assays, ground squirrel platelets stored at RT did exhibit higher caspase activation with a 

significant increase being observed between fresh sample and storage for 10 days at RT 

(1.0 ± 0.0 vs. 35.8 ± 8.5, p=0.01) (Figure 14).  

 

 

Figure 13. Caspase activation in human platelets stored at room temperature or 4oC. (A) 
Flow cytometry dot plot showing relationship between side scatter and FAM FLICA 
(FL-1). (B) The fold change in caspase activation between fresh platelets and those 
stored for 3, 5, 7, and 10 days at RT or 4oC. Values are given as mean ± standard error of 
the mean. Statistical significance was determined using a two-tailed, paired T-test 
comparing fresh sample to corresponding stored sample. *p<0.05, **p<0.01, 
***p<0.001; n=6. 
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Figure 14. Caspase activation in ground squirrel platelets stored at room temperature 
or 4oC. (A) Flow cytometry dot plot showing relationship between side scatter and 
FAM FLICA (FL-1). (B) The fold change in caspase activation between fresh 
platelets and those stored for 3, 5, 7, and 10 days at RT or 4oC. Values are given as 
mean ± standard error of the mean. Statistical significance was determined using a 
two-tailed, paired T-test comparing fresh sample to corresponding stored sample. 
*p<0.05; n=5.  
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DISCUSSION 

In Vitro Viability of Stored Human and Ground Squirrel Platelets  

With the short lifespan in circulation of human platelets being 8-10 days, and 

being even shorter at 4-5 days for small mammals such as mice or ground squirrels, it 

was expected that trends in viability would follow a similar pattern (Aas & Gardner, 

1958; Aster, 1966; Berger et al., 1998; Leeksma & Cohen, 1956). Unexpectedly, human 

platelets stored at RT and 4oC showed very little change in viability over the course of 

storage for 10 days with no significant changes being observed relative to fresh sample 

(Figure 8A). 

Although there did not appear to be a relationship between in vitro viability and 

the known lifespan of human platelets in circulation, this data does coincide with several 

previous studies that have observed minimal changes in platelet counts throughout the 

duration of storage. The majority of studies have only addressed platelet storage at RT, 

where it has been shown that platelet counts do not decrease significantly out to 7 days 

(Gupta et al., 2010). In addition, in studies that have addressed both RT and 4oC storage, 

there appear to be varying results. While some studies show very little change in platelet 

counts out to 9 days, others show very little change in RT-stored platelet counts while 

showing decreases in those stored at 4oC (Johnson et al., 2019; Stolla et al., 2020). 

Additionally, it should be noted that these studies used platelet counts, whereas this study 
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used a viability assay, which may be biased towards living cells if dead cells were being 

removed during wash steps, possibly explaining the high viability that was observed. 

Furthermore, although increased levels of apoptosis were observed in human platelets 

stored at 4oC, they could still appear viable if the dye was being retained in the cells due 

to the length of time that it takes for apoptosis to occur. While no significant differences 

were observed in platelet viability over the course of 10 days in storage, it may be 

possible that platelet viability does not begin to diminish significantly until storage past 

10 days, despite this being longer than their known lifespan in circulation.  

While human platelets exhibited no significant change in viability during storage, 

the platelets from ground squirrels did show significant changes when stored at RT. 

Ground squirrel platelets stored at 4oC showed no significant change in viability relative 

to fresh samples, while RT-stored platelets showed a progressive decrease in viability 

starting as early as 3 days in storage (Figure 8B). The decrease in viability for ground 

squirrel platelets stored at RT could be attributed to the shortened lifespan of platelets in 

circulation in smaller mammals, whereas those stored at 4oC do show some degree of 

resistance to the cold in vitro (Aas & Gardner, 1958; Berger et al., 1998). Previous 

research has demonstrated that ground squirrel platelets undergo microtubule 

reorganization that causes them take on a rod confirmation when exposed to cooler 

temperatures and they can survive repeated cycles of torpor and IBAs (Cooper et al., 

2012). While this research did not specifically address these aspects, it is clear that 

ground squirrel platelets react differently to the cold when compared to non-hibernating 

mammals, possibly offering an explanation as to their improved viability at 4oC.  
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Apoptosis in Stored Human Platelets  

 Following treatment with ABT-737 or CCCP, even in fresh samples, human 

platelets have a loss in their mitochondrial membrane potential, express PS on their 

surface, and have active caspases, further demonstrating their ability to undergo 

apoptosis. As shown previously, this study was able to demonstrate that apoptosis is a 

detrimental PSL, occurring at RT and becoming more pronounced when platelets are 

stored in the cold. While human platelets stored at RT do show increased rates of PS 

surface expression and caspase activation over time, these markers are significantly 

increased when platelets are stored at 4oC (Figure 9, Figure 13). Furthermore, neither RT 

or 4oC storage appeared to cause a collapse in the mitochondrial membrane potential with 

4oC storage showing a slight, but not significant, increase in the mitochondrial membrane 

potential during days 3 and 7 of storage (Figure 11). While the collapse of the 

mitochondrial membrane potential is a key event associated with the intrinsic apoptotic 

pathway, it is difficult to explain why cold storage would improve mitochondrial health, 

while also causing later events in the apoptotic cascade such as the activation of caspases. 

Furthermore, PS is not only displayed on the surface of platelets during apoptosis, but 

also during activation, which has been shown to occur in stored platelets (Sandgren et al., 

2007; Schoenwaelder et al., 2009).  

 These findings do coincide with previous research that has demonstrated an 

increase in PS surface exposure following cold storage, while also demonstrating the 

activation of caspases (Perrotta et al., 2003; Stolla et al., 2020; van der Wal et al., 2010). 

While previous studies show a slightly lesser degree of caspase activation, it is important 

to point out that many of the assays used only targeted caspase 9 or caspases 3/7, whereas 
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the assay used in this study targeted many additional caspases within this family of 

proteolytic enzymes. Additionally, contradicting results using JC-1 as a marker of 

mitochondrial membrane depolarization have been observed, some of which demonstrate 

the preservation of the mitochondria and its membrane potential during cold storage, 

while others show its collapse (Stolla et al., 2020; van der Wal et al., 2010).  

 Furthermore, the observation that there is no change in human platelet viability 

during storage, yet an increase in apoptosis when stored in the cold may suggest that cold 

storage alone may not induce apoptosis, but instead may result due to the rapid shift in 

temperature when they are rewarmed. If this is the case, different results from the 

viability assay would be expected if the cold-stored platelets had been left at RT for a 

longer time, thus allowing for the completion of the apoptosis and cell death. Given the 

previous observations, and the findings of this study, it appears that platelets undergo 

apoptosis following storage with the possibility that apoptosis becomes more pronounced 

following the shift in temperature from 4oC to room temperature when considering the 

results of our viability assay. Although this may only be part of the mechanism that 

results in their clearance from circulation post-transfusion if they are chilled, future 

studies will be needed to directly link these two events.   

Decreased Apoptosis in Ground Squirrel Platelets Stored at 4oC 

 Previous research suggests that ground squirrel platelets may be resistant to 

apoptosis following cold storage. This animal is capable of not only going through 

numerous cycles of torpor which are interrupted by IBAs, which are associated with 

fluctuations in body temperature, but also decreasing rates of thrombopoiesis during 

hibernation (Cooper et al., 2012; Lechler & Penick, 1963). Based on these changes, it 
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could be expected that if their platelets acted like human platelets and underwent 

apoptosis and were subsequently cleared from circulation every time there were 

significant changes in body temperature, their platelet counts would irreversibly decrease 

during IBAs and when they fully awake in the spring, putting them at an increased risk 

for bleeding.  

 As predicted, ground squirrel platelets stored in the cold were more resistant to 

apoptosis than those stored at RT. Ground squirrel platelets stored at RT did show key 

markers of apoptosis including loss of the mitochondrial membrane potential, increased 

PS surface exposure, and caspase activation (Figure 10, Figure 12, Figure 14). 

Furthermore, these changes became more pronounced when samples were stored for 

longer periods of time. These changes at RT not only coincide with the results of the 

viability assay but make sense based on the shortened lifespan of ground squirrel 

platelets.  

 While ground squirrel platelets stored at RT did appear to act like human platelets 

in terms of apoptosis, their platelets stored in cold did appear to be less susceptible to 

apoptosis. Ground squirrel platelets stored at 4oC showed very little change in 

mitochondrial membrane potential relative to fresh sample following storage, as well as 

showing lower PS surface exposure and caspase activation when compared to their 

platelets being stored at RT. There was a slight increase in PS exposure early on in 

storage at day 3, but as has been previously addressed, this can occur due to platelet 

activation as well which may have been a result of the blood draws or demonstrate that a 

period of time is necessary for these platelets to acclimate to cooler temperatures.  
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 While these results are somewhat expected, it is interesting to see the variation in 

how the platelets of a hibernating mammal differ from human platelets when exposed to 

colder temperatures. While there is limited information regarding apoptosis in ground 

squirrel platelets, other tissues within this animal have been examined to understand how 

apoptosis may be controlled and prevented during hibernation. One such study 

demonstrated that there is an increase in anti-apoptotic proteins in heart and brain tissue 

of ground squirrels during torpor, potentially acting as a protective mechanism to 

preserve these active tissues during hibernation (Rouble et al., 2013). While our study did 

not directly analyze these specific proteins or tissues, it could be a topic for future 

research to better understand how ground squirrel platelets are protected from apoptosis 

during cold storage or the temperature changes associated with hibernation.   

Future Research  

 While it has been previously observed that human platelets undergo apoptosis 

following cold storage, as well as being rapidly cleared from circulation post-transfusion 

if their platelets are chilled beforehand, this study provides some insight into one 

mechanism that could allow ground squirrel platelets to remain healthy throughout 

hibernation. Additionally, this study was not able to specifically address how ground 

squirrel platelets prevent apoptosis following cold storage, but it does provide the 

framework for future experiments for research on this topic.  

 To better understand how ground squirrel platelets are protected from apoptosis 

when exposed to colder temperatures, other markers of apoptosis should be addressed. As 

their mitochondria appears to remain intact following cold storage, as opposed to RT 

storage, markers upstream of mitochondrial depolarization should be investigated further 
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including the expression and phosphorylation patterns of pro- and anti-apoptotic proteins, 

as well as the potential clustering of glycoprotein receptors that is observed in human 

platelets following cold storage, as it is thought to be one of the first events associated 

with apoptosis following cold storage (Hoffmeister et al., 2003; van der Wal et al., 2010).  

 Furthermore, this research did not directly look at a correlation between the 

prevalence of apoptosis and the clearance from circulation that is observed in human 

platelets, but not in ground squirrel platelets, following cold storage. While it would be 

expected that platelets undergoing apoptosis would ultimately be cleared from 

circulation, it is worth looking at the incidence of these two separate events to determine 

if apoptosis is the primary event driving platelet clearance from circulation following 

cold storage.  

 This research not only provides further insight into ground squirrel platelet 

physiology following cold storage, but it also strengthens the rationale for using the 

ground squirrel as an animal model to study platelets. The observation that human 

platelets undergo apoptosis following cold storage, while ground squirrel platelets do not, 

makes this a topic of future research. If the specific mechanism by which ground squirrel 

platelets are capable of surviving and preventing apoptosis in the cold could be 

determined, it could allow for the possibility of using a similar method to preserve human 

platelets for extended periods of time at colder temperatures. 
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