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Abstract

Background: Cold storage of platelets (PLTs) has the potential advantage of prolonging storage 

time while reducing posttransfusion infection given the decreased likelihood of bacterial 

outgrowth during storage and possibly beneficial effects in treating bleeding patients. However, 

cold storage reduces PLT survival through the induction of complex storage lesions, which are 

more accentuated when storage is prolonged.

Study Design and Methods: Whole blood–derived PLT-rich plasma concentrates from seven 

PLT pools (n = 5 donors per pool). PLT additive solution was added (67%/33% plasma) and the 

product was split into 50-mL bags. Split units were stored in the presence or absence of 1 mM of 

N-acetylcysteine (NAC) under agitation for up to 14 days at room temperature or in the cold and 

were analyzed for PLT activation, fibrinogen-dependent spreading, microparticle formation, 

mitochondrial respiratory activity, reactive oxygen species (ROS) generation, as well as in vivo 

survival and bleeding time correction in immunodeficient mice.

Results: Cold storage of PLTs for 7 days or longer induces significant PLT activation, 

cytoskeletal damage, impaired fibrinogen spreading, enhances mitochondrial metabolic 

decoupling and ROS generation, and increases macrophage-dependent phagocytosis and 

macrophage-independent clearance. Addition of NAC prevents PLT clearance and allows a 

correction of the prolonged bleeding time in thrombocytopenic, aspirin-treated, immunodeficient 

mice.

Conclusions: Long-term cold storage induces mitochondrial uncoupling and increased proton 

leak and ROS generation. The resulting ROS is a crucial contributor to the increased macrophage-

dependent and -independent clearance of functional PLTs and can be prevented by the antioxidant 

NAC in a magnesium-containing additive solution.
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1 ∣ INTRODUCTION

Most blood centers in the world collect platelet (PLT) products by centrifugation of whole 

blood and store them at room temperature (RT) under gentle agitation with a maximum 

storage time of 3 to 7 days due to limitations related to bacterial contamination. This limited 

shelf life leads to frequent seasonal shortages or waste of outdated products.1 Such storage 

limitation persists despite recent advances in the development of PLT additive solutions 

(PASs) that potentially could allow RT storage of PLTs for 14 days or longer.2 Multiple 

PASs have been used clinically for the RT storage of PLTs,3 including magnesium in their 

composition, which is recognized as a major benefit to PLT long-term storage.4 Storage of 

PLTs in a PAS presents additional benefits to the blood centers, as more plasma may be 

recovered for fractionation and clinical use, and to the patient with reduced risk of PLT 

transfusion reactions, particularly allergic transfusion reactions and transfusion-related acute 

lung injury.5,6

Cold storage of PLTs has the potential advantage of prolonging storage time while reducing 

posttransfusion infection given the decreased likelihood of bacterial outgrowth during 

storage. However, previous studies have demonstrated that storing PLTs in the cold 

(1°C-6°C) resulted in a significant reduction in vivo recovery and survival compared with 

RT-stored PLTs when stored for the same period of time due to cold-elicited lesions.7 While 

the detailed reason for the cold lesion remains unclear, a clearance mechanism of cold-stored 

PLTs involving glycoprotein (GP) Ib clustering on the PLT surface, and in vivo binding to 

macrophage and hepatocyte receptors has been identified.8-11 In vitro studies suggest that 

cold-stored PLTs have superior hemostatic properties compared with RT-stored PLTs.12 

Cold-stored PLTs corrected the bleeding time quicker than RT-stored PLTs in patients with 

thrombocytopenia when cold-stored PLTs have been maintained in the cold temperature for 

72 hours or less in plasma.13

However, several pieces of evidence do not favor cold storage of PLTs. Slichter et al14 

demonstrated that most bleeding time measurements in patients with thrombocytopenia 

transfused with cold-stored PLTs remained prolonged, whereas most bleeding times in 

subjects receiving RT-stored PLTs improved. In addition, Filip and Aster15 found that cold-

stored PLTs were less effective after 72 hours of storage when compared to RT-stored PLTs 

in vivo. Multiple in vitro studies have shown that PLTs maintain good hemostatic properties 

when stored for periods of up to 21 days in cold conditions,16-19 but these studies have not 

yet identified the root cause of why long-term (>5 days) cold-stored PLTs do not function as 

well as those stored short term (<3 days).

Cold storage has been associated with increased reactive oxygen species (ROS) production 

correctable in vitro by the addition of 50 mM of N-acetylcysteine (NAC), which, at this 

concentration, affects PLTs through pH alkalinization.20
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Here, we investigated the mechanism of long-term cold storage–induced damage of whole 

blood–derived PLTs stored in a magnesium-containing PAS. We identified the PLT 

mitochondrial dysfunction and its prooxidant consequences as a crucial source of PLT 

clearance and decreased hemostatic activity in long-term stored PLTs susceptible to 

amelioration by adding a stable antioxidant at concentrations amenable for translation into 

an improved PAS for up to 14-day storage.

2 ∣ MATERIAL AND METHODS

2.1 ∣ PLT products

Seven deidentified human, leukocyte-reduced PLT pools were purchased from Hoxworth 

Blood Center, University of Cincinnati. In brief, whole blood units from five donors per pool 

were collected in anticoagulant citrate phosphate double dextrose (Acrodose Plus System; 

Haemonetics, Braintree, Massachusetts) at RT and processed within 8 hours after collection 

following the manufacturer's instructions with some modifications. Briefly, PLT-rich plasma 

(PRP) was generated from each of the collected units through a first centrifugation at 1000g 

followed by separation of the PLT layer into separate bags. A second centrifugation at 2500g 

was performed to deplete plasma. A volume of approximately 15 mL of plasma was left for 

PLT resuspension in each unit. PRP units from five healthy donors were pooled and the 

additive solution PAS-E (PAS-3 M; Grifols Inc., Barcelona, Spain) was added at a final ratio 

of 67% PAS-E/33% plasma and leukoreduced through a leukoreduction filter (Acrodose PL 

Leukocyte Reduction Filter, Haemonetics). All units were ABO identical, pooled as pools of 

O or A blood groups. Pooled PLTs were stored overnight at RT until Day 1 and then split 

into 50-mL bags (CLX, Haemonetics) and stored thereafter at RT (20°C-24°C) or cold 

(1°C-4°C) under the same agitation conditions in horizontal agitators (PF900h or PF48h; 

Helmer Scientific, Noblesville, Indiana). Aliquots from the pooled PLT products were 

obtained at different time points for analysis. After sampling, the PLT pools were 

immediately returned to their storage conditions.

2.2 ∣ ROS generation analysis

It was quantified as described elsewhere.21 Briefly, washed PLTs were incubated with 2′7′-
dichlorofluorescein diacetate (10 μM), a reporter for all forms of oxidative species including 

superoxide and hydrogen peroxide, for 15 minutes at 37°C, and washed in calcium-free 

phosphate-buffered saline (PBS). ROS level was determined by fluorescence-activated cell 

sorting at an emission of 525 nm. ROS level was expressed as mean florescence intensity. 

NAC (1 mM; Sigma, St. Louis, Missouri)22 or nothing (vehicle) was added to the stored 

PLTs (RT or cold) for the duration of the storage.

2.3 ∣ In vitro phagocytosis

In vitro phagocytosis was performed as previously described.8 Briefly, monocytic THP-1 

cells (ATCC, Manassas, Virginia) were cultured in Dulbecco's Modified Eagle Medium 

(Invitrogen, Carlsbad, California) supplemented with 10% fetal calf serum (R&D, 

Minneapolis, Minnesota), 2 mM glutamine (Life Technologies, Waltham, Massachusetts), 

100 IU/mL penicillin and 0.1 mg/mL streptomycin (Life Technologies), and differentiated 

using 1 ng/mL TGF-β1 (R&D) and 50 nM 1,25-(OH)2-vitamin D3 (Sigma) for 24 hours. 
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The adherent macrophages were activated by the addition of 15 ng/mL phorbol-myristate 

acetate (Sigma) for 15 minutes. PLTs from each of the groups analyzed were incubated with 

carboxyfluorescein succinimidyl-ester (CFSE, 5 mM; Life Technologies) for 15 minutes at 

37°C. Fluorescent PLTs were layered on top and incubated for 30 minutes at 37°C. 

Nonadherent and extracellular adhered PLTs were removed by three washes with calcium-

free PBS. Monocytes were detached by treatment with 0.05% trypsin/0.53% 

ethylenediaminetetraacetic acid. Cells were spun down and pellets were fixed in 1% 

paraformaldehyde/PBS, stained with anti-CD61-PE (Becton-Dickinson, San Jose, 

California) and analyzed by dual-color flow cytometry. PLTs and macrophages were 

resolved by their light scatter characteristics and CFSE/CD61 staining. Carboxyfluorescein

+/CD61-events with light scatter characteristics of macrophages were quantified in relation 

to the overall amount of the CD61-macrophage population. NAC was used at a final 

concentration of 1 mM.

2.4 ∣ Analysis of PLT recovery

Nonobese diabetic/severe combined immunodeficiency/γc−/− (NSG) mice were used for 

human PLT transfusion. NSG mice were sublethally irradiated (2.5 Gy) 7 days before the 

PLT infusion. Then, thrombocytopenic mice (reaching PLT counts of approx. 150, 000-350, 

000/mm3) were administered clodronate liposomes (CLD-8901, Encapsula Nano Sciences, 

Brentwood, Tennessee) intravenously (retro-orbital)23 24 hours before their transfusion to 

deplete their macrophages.24Test PLTs were labeled with CFSE and infused to all 

experimental mice. A total of 3 ×108 human PLTs per mouse were infused intravenously 

(retro-orbital) in five NSG mice per group. Retro-orbital blood specimens were collected 

after the transfusion at different time points. PLT recovery was analyzed by flow cytometry 

analysis using anti-human CD61 (Becton-Dickinson) on a log-scale forward scatter/side 

scatter gate. Data were normalized to 100% for time zero. Time zero was analyzed at 3 

minutes after the PLT transfusion.

2.5 ∣ Statistical analysis

Data are expressed as means ± SD as described in the figure legends. A minimum of three 

independent experiments with one to three pools per condition were analyzed. Linear 

regressions were calculated based on least square differences method and presented as R2. 

Statistical differences were identified by either one-way analysis of variance (ANOVA) or 

two-way ANOVA with Tukey's multiple comparison tests between cold and RT groups and 

between Day 1 of storage and subsequent days of storage. A P value of <.05 indicates 

statistically significant difference between the control and test samples. Analyses were 

performed by computer software (Prism version 8.0; GraphPad Software, San Diego, 

California).

The remaining methodological descriptions can be found in Appendix S1 (Supplemental 

Methods).
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3 ∣ RESULTS

3.1 ∣ Cold storage of PRP pooled PLTs for 7 days or longer induces significant PLT 
activation, cytoskeletal damage, and agonistic response

PLT activation of cold-stored vs RT-stored whole blood (PRP)-derived PLTs was assessed by 

membrane expression analyses of P-selectin, activated GPIIb/IIIa and exposed 

phosphatidylserine.25 Cold PLTs stored for the first 5 days showed a similar level of 

membrane P-selectin expression compared with RT-stored PLTs. PRP pooled PLTs in 

plasma/PAS-E stored for 7 days or longer showed substantial increased expression of P-

selectin compared with RT-stored pooled PLTs for Days 7, 10, and 14 of storage (Figure 

1A). RT- and cold-stored PLTs maintained contained a low frequency of PLTs with activated 

GPIIb/IIIa when stored for up to 7 days (Figure 1B). In fact, RT-stored PLTs had no increase 

in activated GPIIb/IIIa when stored for up to 14 days in plasma/PAS-E (Figure 1B). 

However, similar to membrane P-selectin expression, PAC-1 binding to activated GPIIb/IIIa 

was significantly increased in pooled PLTs subject to cold storage for 10 or 14 days but not 

to pooled PLTs stored for up to 7 days (Figure 1B). Finally, we measured the exposure of 

phosphatidylserineassociated activation25, associated with apoptosis activation26 and 

procoagulant activity.27 Phosphatidylserine exposure was increased in stored PLTs as the 

storage time increased albeit at a faster pace and greater level in cold-stored PLTs (Figure 

1C). While RT PLTs only had increased levels of exposed phosphatidylserine on Days 10 

and 14 of storage, cold-stored PLTs had increased phosphatidylserine exposure on Day 7 of 

storage and onwards. Interestingly, plasma/PAS-E was optimal in maintaining the pH of 

cold-stored PLTs. The extracellular pH (at 22°C) of cold-stored PLTs remained basic, with a 

very modest decrease by Day 14. As expected, based on the known effect of time in RT 

stored PLTs, RT-stored PLTs did show a decrease in their pH with a minimum pH of 6.45 by 

Day 14 of storage. Cytoskeletal damage is a major hallmark of cold storage–induced PLT 

damage and a major mediator of decreased survival and function deficiency. Although 

multiple surrogate assays have been used to define the extent of such cytoskeletal damage, 

PLT fragmentation shedding microparticles as a result of activation and exocytosis28 and 

impaired integrin signaling resulting in deficient spreading on immobilized fibrinogen29 

define two key aspects of impaired PLT integrity. To confirm whether the damage on Day 7 

of cold storage–impaired key functional parameters of PLT activity, we performed analyses 

on the effects of 7-day cold storage on PLT microparticle formation and fibrinogen-mediated 

spreading. As shown in Figure S1A-B, microparticle formation was significantly increased 

(approx. 3-fold) in 7-day pooled, cold-stored PLTs than when stored at RT microparticles 

per transmission electron microscopy field) while PLTs also displayed the classical 

hallmarks of cold storage damage including dilation of the open canalicular system, 

formation of prominent pseudopods, and partial degranulation. Interestingly, despite 

increased expression of activated GPIIb/IIIa on the membrane surface, cold-stored, pooled 

PLTs had significant aggregation on fibrinogen, forming large clumps (Figure S1C). 

Analysis of individual PLTs spreading (excluding aggregates and microparticles) indicated 

that the area of spreading of PLTs on immobilized fibrinogen was significantly (approx. 

80%) decreased over their RT-stored counterparts (Figure S1D). Together, these data 

strongly suggest that cold storage for 7 days or longer results in impaired PLT structure and 

function.
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3.2 ∣ Cold storage of PRP pooled PLTs for 7 days or longer induces growing 
mitochondrial metabolic decoupling

PLTs are highly dependent on mitochondrial activity and aerobic respiration.30 Acetate is 

the major source of energy in PAS-containing PLTs. The addition of magnesium in PAS-E or 

other similar PAS solutions is expected to improve the activity of adenosine triphosphate 

(ATP)- and guanosine triphosphate– dependent kinases.31 A key parameter defining 

mitochondrial activity is the oxygen consumption rate (OCR). Aerobic respiration is 

characterized by increased OCR, while alternative anaerobic respiration is independent of 

oxygen consumption.30 Intuitively, refrigeration should result in a decrease in the metabolic 

needs of stored PLTs. However, the aforementioned data strongly suggest that cold storage 

induces energydependent signals resulting in activation and dysfunction. To determine 

whether cold-stored PLT metabolism is decreased, we analyzed the OCR of PLTs cold 

stored or RT stored for up to 2 weeks. Basal OCR was assessed, and a mitochondrial stress 

test was performed upon the addition of ATPase inhibitors and decoupling agents to help 

determine the overall mitochondrial fitness. Functional metabolic analysis of PRP pooled 

PLTs stored at RT or in the cold for up to 14 days identified specific lesions in mitochondrial 

function that were not directly evident by analyzing the basal OCR (Figure S2A). 

Mitochondrial stress test assays, however, support that long-term cold storage, especially on 

Day 5 and thereafter, induces a decrease in ATP-linked OCR (Figure 2A) but no changes in 

the maximal OCR after complete mitochondrial uncoupling by Fluoromethoxy 

carbonylcyanide phenylhydrazone (FCCP) (Figure S2B). The decreased ATP-linked OCR 

does not associate with changes in nonmitochondrial OCR (Figure 2B) but associates with 

increased mitochondrial OCR as assessed by analysis of inducible proton-leak OCR, which 

is increased in PLTs stored for 7 days or longer (Figure 2C), suggesting mitochondrial 

uncoupling that shifts ATP-producing OCR into proton-leak OCR. Further length of storage 

does not result in further inducible proton-leak OCR (Figure 2C), suggesting that the 

mitochondrial dysfunction fundamentally occurs within Days 5 to 7 of cold storage. As a 

consequence, mitochondrial respiratory activity during the second week of storage, which is 

highly increased in RT-stored PLTs as expected by the predominant incorporation of acetate 

as an energy source to the Krebs cycle and subsequently to the electron transport chain, 

remains unresponsive in cold-stored PLTs, remaining at levels comparable to Day 1 of 

storage (Figure 2D). These data further confirm that cold-induced damage of PAS-

containing, pooled PRP-derived PLTs accumulates during the second week of storage and 

identify a mitochondrial dysfunction unveiled only in stress tests as another hallmark of 

cold-storage lesion.

3.3 ∣ Cold storage of PRP pooled PLTs for 7 days or longer increases ROS generation

The inducible proton-leak OCR is a secondary event that is frequently associated with 

electron-leak–dependent mitochondrial superoxide production,32 the most prevalent type of 

ROS in PLTs.33 Increased levels of superoxide or the product of PLT superoxide dismutase 

(SOD), hydrogen peroxide, can be detrimental to overall viability of PLTs and results in 

cytoskeletal and signaling impairment through oxidative damage.34 To determine whether 

the increased inducible proton leak identified during the second week of cold PLT storage 

and the generation of ROS were associated, we first analyzed the overall levels of ROS 

generated by stored PLTs. As expected, the ROS levels of RT and especially cold-stored 
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PLTs increased during storage (Figure 3A) and significantly correlated with the induced 

proton-leak OCR of RT-stored (Figure 3B) and especially cold-stored PLTs (Figure 3C). The 

increase in ROS levels of cold-stored PLTs was completely prevented by the addition of the 

antioxidant NAC (1 mM) to the PLT storage additive solution (Figure 3A). These data 

indicate that cold conditions of storage for 7 days or longer further enhance the generation of 

ROS in stored PLTs, which can be effectively prevented by an inclusion of the antioxidant 

NAC in the PAS.

3.4 ∣ Cold storage of PRP pooled PLTs for 7 to 14 days results in increased macrophage-
dependent phagocytosis partly preventable by NAC

Cold-induced damaged PLT lesions include reorganization of membrane GPs (eg, GPIa, 

GPIIb/IIIa,9-11 which result in recognition and clearance by internalization (phagocytosis) 

mediated by macrophage integrins (αMβ2 integrin,35 or hepatocyte Ashwell-Morell 

receptors.36To determine the status of the macrophage-dependent phagocytosis, we analyzed 

macrophage-dependent PLT phagocytosis by activated THP-1 cells.9 Length of storage 

resulted in a modest increase of the macrophage-dependent phagocytosis of 14-day RT-

stored PLTs compared with Day 1 stored PLTs (Figure 4A). Cold storage induced a severe 

PLT damage that resulted in storage length–dependent macrophage-dependent phagocytosis 

compared with Day 1 macrophage-dependent phagocytosis of cold-stored damaged PLTs 

was prevented by the addition of the antioxidant NAC to the PAS during the first week of 

storage and partly prevented for PLTs stored for over 7 days. These data support the concept 

that long-term oxidative stress is the main mediator of PLT damage resulting in macrophage-

dependent phagocytosis. The antioxidant NAC can significantly ameliorate the cold-induced 

storage damage.

3.5 ∣ Cold storage of PRP pooled PLTs for 7 to 14 days results in increased macrophage-
independent in vivo clearance that is partly preventable by NAC

We used xenogeneic transfusion of carboxyfluoresceinlabeled stored PLTs in NSG 

immunodeficient mice37,38 with some modifications. Mice were sublethally irradiated (2.5 

Gy) to induce moderate thrombocytopenia and macrophage depletion through the 

administration of clodronate liposomes. We opted to use this approach to complement our 

macrophage-dependent phagocytosis studies and use this in vivo model as an approach to 

measure hepatocytemediated clearance. PLTs that were cold stored for 7 (Figures 4B and 

S3A) or 14 days (Figures 4C and S3B) were cleared faster and more efficiently by 

macrophage-depleted NSG mice, with 1% or fewer circulating PLTs by 24 hours after 

administration (Figure 4B-C). Addition of 1 mM of NAC to the PAS resulted in partial 

extension of the survival of cold-stored human PLTs with levels of circulating PLTs higher 

than 1% for as long as 24 hours after administration (P < .001; Figure 4B-C) but did not 

reach the same levels as the RT-stored PLTs used as control (P < .001; Figure 4B-C). We 

chose the concentration of 1 mM because it does not modify the pH of the additive solution 

(data not shown) and has been shown to suffice to help the storage of RT-stored PLTs 

suspended in plasma.22 These changes were also evidenced by PLT counts in peripheral 

blood of recipient mice by 6 hours after transfusion (Figure S3C) and the area under the 

curve derived from the survival analyses (Figure S3A-B). These data demonstrate that ROS 

is a major mediator of the cold-storage damage of PLTs and that addition of a stable 
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antioxidant can significantly prevent such damage during storage to extend the life span of 

transfused PLTs.

3.6 ∣ In vivo circulating PLTs derived from long-term, cold-stored PRP pooled PLTs can 
restore the bleeding time of thrombocytopenic, aspirin-treated mice

To determine whether cold-stored PLTs will affect the hemostatic function in vivo, we 

measured the bleeding time of transfused, macrophage-depleted NSG mice. Sublethally 

irradiated mice were subsequently aspirin treated and subsequently transfused with 7-day 

stored PLTs that had been stored at RT, in the cold, or in the cold with the addition of NAC 

to the PAS. PLT counts at 6 hours after transfusion were higher than the basal, 

pretransfusion counts for the groups who received RT-stored PLTs) and cold-stored with 

NAC compared with pretransfusion PLT counts or after transfusion of cold-stored PLTs 

(Figure S1D). RT-stored PLTs were able to correct the bleeding time at 6 hours after 

transfusion to levels similar to non–aspirin-treated mice (Figure 4D). Aspirin-treated mice 

that received RT-stored PLTs or PLTs stored in the cold with the addition of NAC to the PAS 

were able to correct the bleeding time significantly better than those mice that received 7-

day cold-stored PLTs with no NAC (Figure 4D) and at close to the levels of mice that did not 

receive aspirin (Figure 4D). These data indicate that the addition of the antioxidant NAC 

results in the survival of functional PLTs that are able to substantially correct the bleeding 

time of aspirin-treated mice.

4 ∣ DISCUSSION

To our knowledge, this study identifies for the first time the role of mitochondrial metabolic 

dysfunction in which proton-leak– and electron-leak–dependent ROS generation upon >5 to 

7 days of cold storage induces PLT oxidative stress. This oxidative stress results in in vitro 

macrophage-dependent and in vivo macrophage-independent PLT clearance, outcomes of 

cold-induced PLT lesions. The deteriorating effect of long-term cold storage is significantly 

dependent on oxidative damage since it can be prevented by the addition of a low but 

effective concentration (1 mM) of NAC,22 a US Food and Drug Administration (FDA)-

approved drug, to the storage additive solution.

Storing PLTs in the cold results in an irreversible reduction in the survival of PLTs compared 

with RT-stored PLTs.7 The cytologic consequences of the cold storage damage have been a 

subject of study for decades.39-43 These consequences include microtubule disintegration 

and actin-based cytoskeleton rearrangements, channels of the open canalicular system 

become dilated, partial degranulation, formation of prominent pseudopods, increased 

cytosolic calcium concentration, and impaired αIIbβ3 integrin signaling.

Stolla et al44 found that cold-stored PLTs have a progressive decline in their survival upon 

autologous transfusion in humans within the first 10 days of storage with even further 

decline in the first 24-hour recovery when they are cold stored for up to 20 days. Clustering 

of GPIbα on the PLT surface was noticed following refrigeration of PLTs.8 The clustered 

GPIbα may contribute to the recognition of refrigerated PLTs by the lectin domain of the 

integrin αMβ2 on hepatic macrophages45 and when exposed to long-term cold storage by 

von Willebrand factor–mediated lectin binding to the Ashwell-Morell receptor of 
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hepatocytes.36 Interestingly, refrigeration-induced GPIbα clustering is thought to induce 

PLT apoptosis.46

Studies on long-term RT-stored PLTs have shown increased ROS production associated with 

apoptotic events, including the cytochrome C release, caspase activation, and a loss of 

overall mitochondrial respiration capacity.47

Cold storage of PLTs in plasma has been associated with the formation of micro- and 

macroaggregates during cold storage, resulting in up to 18% of wasted products.48 Our 

experience (data not shown) suggests that agitation identical to RT storage eliminates the 

presence of visible PLT aggregates, and given the choice, we incorporated agitation in the 

cold-stored PLT group. The aggregate problem is also significantly mitigated with partial 

replacement of plasma for PAS, presumably because of decreased crosslinking between 

preactivated PLTs and fibrinogen or other plasma proteins.19

Increased ROS generation in cold-stored PLTs has been observed by several groups but not 

by others. The difference seems to be related to the type of ROS reporter used. When a 

global ROS reporter was used, cold storage was identified as a process that increases ROS 

generation,20,22 while there was no increase in the level of superoxide species,49 possibly 

due to SOD2 expressed by human PLT mitochondria.50 Our study confirms the observation 

that long-term cold storage results in dysmetabolic mitochondrial activity and ROS 

production, which may associate with increased inflammatory activation in vivo.51

Our study highlights the importance of using preclinical animal models to determine the 

outcomes of interventions that impact on PLT survival and function. NSG mice were used 

and validated for preclinical PLT survival studies to determine the effect of temperature 

cycling during cold storage.37,38,52,53 We have modified this animal model by adding 

sublethal irradiation, which results in thrombocytopenia (drop from approx. 1 100 000 

PLTs/mm3 in untreated mice to approx. 185 000 PLTs/mm3) and macrophage depletion to 

further extend the life span of human PLTs, increase the sensitivity of the assay and 

determine the role of other than macrophages in PLT clearance. The fact that human GPIb is 

recognized by mouse von Willebrand factor54,55 allows the study of bleeding time in 

immunodeficient mice. Taking advantage of this fact, we have also used the same mouse 

model to determine the ability of human PLTs to correct the bleeding time of aspirin-treated 

mice and detected a good correlation between PLT counts at 6 hours after transfusion and 

the ability of transfused PLTs in correcting the murine bleeding time. Our data suggest that 

the modified NSG mouse model presented in this report may become a useful tool for 

studies in which new PAS can be tested preclinically.

Limitations to this study include the limited number of replicates for some of the 

experiments performed and the use of a pool-split design in which the products analyzed are 

not the pools themselves but fractions of the pools. The use of a paired (controlled) analysis 

side by side allows a fair comparison with a small number of pools analyzed.

Recently, the US Food and Drug Administration (FDA) and the US Department of Defense 

have indicated their interest in promoting research in cold storage of PLTs for transfusion.55 

Undoubtedly, more studies are expected to result in better methods of cold storage that 
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prevent refrigeration-induced damage while preserving the beneficial profile of cold-stored 

PLTs.

Our study here indicates that long-term cold storage induces mitochondrial uncoupling and 

increased proton leak and ROS generation, which is a crucial contributor to the increased 

macrophage-dependent and -independent clearance of functional PLTs. This can be 

prevented by the addition of the antioxidant NAC to a magnesium-containing PAS.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
Long-term cold storage of human pooled PLTs in PAS-E induces PLT activation while 

maintaining pH. (A) P-Selectin expression analysis was measured by flow cytometry. (B) 

Activated GPIIb/IIIa (PAC-1 binding) analysis. (C) Phosphatidylserine exposure (annexin-V 

binding). (D) Extracellular pH (at 22°C). Values are represented as average ± SD. A 

minimum of three experiments were analyzed. Total platelet storage pools tested N = 3. *P 
< .05: ***P < .001 between RT and cold storage . ##, P < .01; ### P < .001 on different days 

of storage
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FIGURE 2. 
Uncoupling and shift of mitochondrial oxygen consumption to proton leak in long-term cold 

stored PLTs. (A) ATP linked OCR was measured with seahorse using oligomycin (1 μg/mL), 

Fluoromethoxy carbonylcyanide phenylhydrazone (FCCP) (0.6 μM) and Antimycin a (10 

μM) (B) non-mitochondrial OCR. (C) Proton leak OCR. (D) Mitochondrial respiratory 

index. Total platelet storage pools tested N = 3. *P < .05; **P < .01; **P < .001; ***P < .001 

between RT and cold storage on different days of storage. # P < .05; ##, P < .01; ### P 
< .001 compared with Day 1 of storage
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FIGURE 3. 
Cold storage induces ROS which can be prevented by addition of NAC to the PAS-E 

additive solution. (A) ROS generation of PRP pooled PLTs by flow cytometry (2′7′-
dichlorofluorescein). Mean fluorescence intensity (MFI) is plotted. (B) Correlation and 

linear regression between increasing proton leak during RT storage and ROS generation. (C) 

Correlation and linear regression between increasing proton leak during cold storage and 

ROS generation. Total platelet storage bags tested N = 3. * P < .05; **P < .01; **P < .001 

between RT/vehicle and cold/vehicle storage or between cold/vehicle and cold/NAC groups. 

##, P < .01; ### P < .001 between cold - vehicle and cold - NAC.

N.S. = nonsignificant when compared to RT or cold by itself for storage between Days 7 and 

14
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FIGURE 4. 
Addition of the antioxidant NAC (1 mM) to the PAS-E additive solution partially prevents 

the storage damage of PLTs as assessed functionally in vitro and in vivo. (A) Macrophage-

dependent phagocytosis analysis using phorbol-myristate acetate induced THP-1 cells. Total 

PLT pools tested N = 3. **P < .01; ***P < .001. (B) Recovery of 7-day cold stored in 

xenotransfused, clodronate treated, sublethally irradiated thrombocytopenic NSG 

immunodeficient mice (n = 8 mice/group). (C) Same as in C) but tested after 14 days of 

storage (n = 8 mice/group). * P < .05; **P < .01; ***P < .001; between RT/vehicle and cold/

vehicle storage or between cold/vehicle and cold/NAC groups. # P < .05; ##, P < .01; ### P 
< .001 between cold/vehicle and cold/NAC. (D) Representative experiment (out of two 

experiments with similar results) on bleeding time analysis in aspirin-treated mice after 

infusion of indicated groups of PLTs (n = 5 mice/group).* P < .05; **P < .01, ***P < .001
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