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                                                                                                                        Abstract

                                                            Background Cold storage of platelets reduces bacterial growth and preserves their hemostatic properties better than current procedures do. However, storage at 0°C induces [14-3-3ζ-glycoprotein Ibα] association, 14-3-3ζ release from phospho-Bad, Bad activation and apoptosis.Design and Methods We investigated whether arachidonic acid, which also binds 14-3-3ζ, contributes to coldinduced apoptosis.Results Cold storage activated P38-mitogen-activated protein kinase and released arachidonic acid, which accumulated due to cold inactivation of cyclooxygenase-1/thromboxane synthase. Accumulated arachidonic acid released 14-3-3ζ from phospho-Bad and decreased the mitochondrial membrane potential, which are steps in the induction of apoptosis. Addition of arachidonic acid did the same and its depletion made platelets resistant to cold-induced apoptosis. Incubation with biotin-arachidonic acid revealed formation of an [arachidonic acid-14-3-3ζ-glycoprotein Ibα] complex. Indomethacin promoted complex formation by accumulating arachidonic acid and released 14-3-3ζ from cyclo-oxygenase-1. Arachidonic acid depletion prevented the cold-induced reduction of platelet survival in mice.Conclusions We conclude that cold storage induced apoptosis through an [arachidonic acid-14-3-3ζ-glycoprotein Ibα] complex, which released 14-3-3ζ from Bad in an arachidonic acid-dependent manner. Although arachidonic acid depletion reduced agonist-induced thromboxane A2 formation and aggregation, arachidonic acid repletion restored these functions, opening ways to reduce apoptosis during storage without compromising hemostatic functions post-transfusion.
                                                            
                                                            Introduction
Current protocols for the storage of platelet concentrates recommend a temperature of 22-24°C and a maximum of 7 days.1 Problems associated with the relatively high temperature are the growth of bacteria which occasionally contaminate platelet concentrates and the gradual loss of hemostatic functions. Improvements are sought by cooling the concentrates to 0-4°C, but this introduces new problems as it induces redistribution of the von Willebrand factor (VWF) receptor, glycoprotein (GP) Ibα. The change in GPIbα starts apoptosis,2 platelet destruction by macrophages3 and generation of thromboxane A (TxA2) upon rewarming.4
We previously described that the cold-induced change makes GPIbα a “sink” for the adapter protein 14-3-3ζ.2 Formation of a [14-3-3ζ-GPIbα] complex is accompanied by dissociation of [14-3-3ζ-phosphoBad], inducing Bad activation, a fall in mitochondrial membrane potential (ΔΨm) and caspase-9 activation. These reactions drive the surface exposure of phosphatidylserine (PS) which together with GPIbα and surface-expressed P-selectin mediate binding to macrophages and platelet destruction. Cold storage followed by rewarming starts TxA2 formation, which initiates a second wave of apoptosis induction, as do most platelet activating agents.5
At a physiological temperature, VWF binds to GPIbα and activates cytosolic phospholipase A2 (cPLA2), arachidonic acid (AA) release from membrane phospholipids and TxA2 formation.6 cPLA2 is activated through phosphorylation of Ser by P38-mitogen-activated protein kinase (P38MAPK).7,8 The major part of released AA is metabolized by cyclo-oxygenase-1 (COX-1) to endoperoxides and further converted by thromboxane synthase to TxA2. Released AA is also a substrate for 12-lipo-oxygenase, which generates hydro (pero)xy-eicosatetraenoic acid9 and possibly for cytochrome P450 mono-oxygenase, which catalyzes formation of 14,15-epoxyeicosatrienoic acid.10 COX-1 is the target of aspirin, which acetylates Ser blocking access of AA to the active site.11
The caspase-9 induction followed by phosphatidylserine surface exposure and binding/phagocytosis by macrophages are major responses to the relatively small effect that association with GPIbα might have on 14-3-3ζ localization. We, therefore, searched for other pathways that might contribute to cold-induced apoptosis, acting either in parallel or in synergy with the pathway initiated by GPIbα. A candidate is the release of AA. In U937 phagocytic cells, interference with reacylation/deacylation of membrane phospholipids induces accumulation of free AA and apoptosis.12 Neurons stimulated with AA respond with depolarization of the inner mitochondrial membrane and caspase-3 activation.13 In tumor cells, over-expression of COX-2 to increase AA removal blocks apoptosis. The reduction in cell death correlates inversely with the cellular level of free AA. Conversely, COX-2 inhibition restores the apoptotic response.13
In this report, we describe a novel role for AA in apoptosis induction during cold storage of platelets.
Design and Methods
Materials
The materials used in this study are described in detail in the Online Supplementary Design and Methods.
Platelet isolation and incubations
Human platelets were isolated14 while maximally preventing their activation using free-flow blood collection and discarding the first 2 mL of blood and all collections that showed microaggregates as determined by particle sizing. The procedures were approved by the Medical Ethical Committee of our hospital; the laboratory is certified for ISO-9001:2008. Platelets were resuspended in Hepes-Tyrode (2×10 cells/L, pH 7.2) and incubated without stirring for 10 min at room temperature (defined as fresh platelets) and 4 h at 0°C followed by 1 h at 37°C to mimic cold storage and post-transfusion conditions,4 unless stated otherwise. Inhibitors used were SQ30741 (25 μM) for TPα, SB203580 (10 μM) for P38MAPK, indomethacin (30 μM) for COX-1, ETI (25 μM) for lipooxygenase and SK&F96365 (30 μM) for cytochrome P450 mono-oxygenase, added 15 min before the incubation at 0°C. To deplete platelets of AA, FAFBSA was present (75 g/L in Hepes-Tyrode, pH 7.2) during the 4 h of incubation at 0°C with concurrent incubation with normal albumin as a control, as applied earlier to platelets.15-17 The platelets were then washed in the presence of PGI2 and left at room temperature for 30 min to restore responsiveness.
Eight-week old strain- and sex-matched C57Bl/6 wild-type mice from Harlan (Boxmeer, the Netherlands) were used for isolation of murine platelets. The experimental protocols were approved by the local ethics committees for animal experiments. Mice were anesthetized with isoflurane and blood was collected by cardiac puncture into a 0.1 volume of 130 mM trisodium citrate and centrifuged (420g, 3 min, 22°C, no brake). The pellet, together with one-third of the red blood cell fraction, was collected and centrifuged again (960g, 1 min, 22°C). Platelets were collected and resuspended in Hepes-Tyrode (pH 6.5), washed in a 0.1 volume of ACD and PGI2 (2700g, 2 min, 22°C) and resuspended in Hepes-Tyrode (pH 7.2) to a final concentration of 2×10 platelets/L.
Western blots and immunoprecipitation
Platelet suspensions were added to lysis buffer. Proteins were separated by sodium dodecylsulfate polyacrylamide gel electrophoresis (SDS-PAGE). After blocking with Odyssey Blocking buffer, membranes were incubated with primary antibodies (1 μg/mL) and protein bands visualized with an Odyssey Imaging system (LI-COR Biosciences, Lincoln, NE, USA). Quantification was performed with Image-J software (NIH, Bethesda, MD, USA). For immunoprecipitation, 450 μL washed platelets (5×10 platelets/L) were lysed (15 min, 0°C), centrifuged (10 000g, 10 mins, 4°C) to remove cell debris and mixed with 55 μL (10% vol/vol) protein G beads together with antibody (1 μg/mL, 30 min, 4°C, rotating). Data are expressed as percentages of fresh platelets. Control studies by FACS analysis with inhibitors of ADAM17 (TAPI-2, GM6001) confirmed that GPIbα ectodomain shedding was absent (data not shown).
Flow cytometric analysis
For determination of the mitochondrial membrane potential ΔΨm, a 100 μL platelet suspension was incubated with JC-1 (0.5 μM, 30 min, 37°C) and 10 000 platelets were measured on a FACS Calibur (BD Biosciences, San Jose, CA, USA). In viable cells, the high ΔΨm promotes a directional uptake of JC-1 into the matrix where JC-1 forms J-aggregates (λex 490 nm, λem 570-610 nm). In apoptotic cells, the low ΔΨm preserves the monomeric form (λex 490 nm, λem 535 nm).18 Changes in ΔΨm were calculated from the ratio of platelets in lower- over upperright quartiles and expressed as the ratio of treated to fresh platelets.
P38-mitogen-activated protein kinase activity assays
P38MAPK phosphorylation was measured as described elsewhere.14 The catalytic activity was measured in immunoprecipitates, resuspended in 15 μL kinase buffer containing 50 μM ATP and 2 μg activating transcription factor-2 (ATF-2)-fusion protein. After incubation (30 min, 30 °C), 15 μL sample buffer with DDT was added and phospho-ATF-2 (Thr) was measured on western blots.
Measurement of free arachidonic acid, conversion of arachidonic acid to thromboxane A2 and cyclo-oxygenase-1 activity
To estimate free AA formation at 0°C, platelet suspensions were incubated for the indicated periods in the presence of SQ30741 (25 μM). Samples were then transferred to an environment at 37°C and incubated for exactly 60 min. The suspensions were put on ice to halt COX-1 activity, centrifuged (15 000xg, 30 s, 22°C) and supernatants were collected for TxA2 analysis. Data were expressed as AA equivalents formed/min/10 platelets during the 60 min incubation period. To measure the activity of COX-1/Txsynthase at different temperatures, platelets in Hepes-Tyrode preincubated with SB203580 (30 min, 37°C) to block release of endogenous AA were incubated at the indicated temperatures. Then, exogenous AA (50 μM final concentration) was added and 60 min later TxA2 formation was measured. The catalytic activity of COX-1 was measured in platelet lysates by luminal luminescence in a Spectramax-L (MDS Analytic Technology, Sunnyvale, CA, USA) as described by Hohlfeld et al.19
Platelet survival in vivo
Before transfusion, platelets were isolated from donor mice, resuspended in Tyrode pH 6.5 and labeled with CMFDA (2.5 μM, 1 h, 22°C). After washing in the presence of PGI2, platelets were resuspended in Tyrode pH 7.2 and incubated for 4 h at room temperature (control), in buffer containing either 75 g/L FAF-BSA or normal BSA at 0°C and in Tyrode buffer containing 1 μM AA at 0°C. The platelets were then washed in the presence of PGI2 and resuspended to a concentration of 1012 cells/L. After incubation for 30 min at 22°C to inactivate PGI2, 1×10 CMFDA-labeled platelets were injected into the tail vein of syngeneic recipient mice. For recovery and survival determinations, blood samples were collected at 2 min and 2, 24, 48, and 72 h after injection into small vacuum EDTA tubes by mandibular puncture. Then, 1 μL of whole blood was diluted in Tyrode (1/250 by volume), analyzed by FACS, and the percentage of CMFDA-positive platelets was determined in a total of 50 000 platelets per sample. Initial recovery was determined 2 min after injection and survival times were calculated as described previously.20
Statistical analysis
Data are means ± SEM of the results from three mice in each group. Statistical analyses were performed using GraphPad InStat (San Diego, CA, USA) software. Differences were considered statistically significant when the P value was less than 0.05 [between fresh and treated samples (*) and between incubations (*)] Blots are representative examples of three experiments.
Results
Changes in mitochondrial membrane potential induced by arachidonic acid
We and others previously reported that cold storage starts platelet apoptosis through activation of the proapoptotic Bcl-2 protein Bad, depolarization of the mitochondrial mitochondrial membrane (ΔΨm change), and caspase-9 mediated exposure of surface phosphatidylserine.2,21 Figure 1A confirms these observations for the ΔΨm change and shows a 7-fold increase after incubation for 4 h at 0°C. Cold/rewarming initiates formation of TxA2.4 To investigate whether AA metabolites contribute to the induction of apoptosis, platelets were incubated with the COX-1 inhibitor indomethacin, but this treatment did not inhibit the ΔΨm change. Instead, indomethacin induced a significant increase in this apoptosis parameter. Subsequent rewarming (1 h, 37°C) further increased the ΔΨm change This response was inhibited by indomethacin and was, therefore, caused by TxA2, a known platelet apoptosis inducer.5 To identify steps that contributed to apoptosis induction at 0°C, samples were incubated with metabolic inhibitors (Figure 1B). P38MAPK is an upstream regulator of cPLA2 and AA release.8 Blockade of P38MAPK by SB203580 completely suppressed the cold-induced ΔΨm change and, in addition, abolished the effect of indomethacin. Inhibition of the TxA2 receptor, TPα, (SQ30741) had no effect, in agreement with the low TxA2 formation found at 0°C.4 Apart from being a precursor of TxA2 formation through COX-1/Tx-synthase, AA is converted to hydro (pero)xy-eicosatetraenoic acids by 12-lipooxygenase and, possibly, to 14,15-epoxyeicosatrienoic acids by cytochrome P450 mono-oxygenase.9,10 Blockade of the respective pathways with ETI and SK&F96365 (SK&F) in combination with indomethacin did not further increase the ΔΨm change. Apparently, AA triggers apoptosis without being metabolized and indomethacin enhances this response by blocking a residual conversion of AA to TxA2 precursors.
[image: ]

Figure 1.Role of arachidonic acid in cold-induced platelet apoptosis. Apoptosis induction in platelets incubated at 0°C (4 h) and 0/37°C (4 h/1 h) was analyzed by measuring the change in mitochondrial membrane potential (ΔΨm) and compared with that of fresh platelets. (A) Platelets in the absence (open bars) and presence of indomethacin (indo, 30 μM f.c., gray bars). (B) Platelets incubated at 0°C (4 h) without and with indomethacin, the P38MAPK-blocker SB203580 (SB; 10 μM), the TPα-blocker SQ30741 (SQ; 25 μM) and the combined (E+S) lipo-oxygenase- (ETI; 25 μM) and cytochrome P450 blockers (SK&F96365, 30 μM). Data are means ± SEM (n=3) with significant difference indicated by an asterisk (P<0.05) compared with fresh platelets and between treatments.
These findings suggest that 0°C incubation activates upstream regulators of AA release and inactivates downstream regulators of AA degradation inducing AA accumulation and ΔΨm change. Analysis of P38MAPK phosphorylation confirmed that the enzyme was activated upon cooling to 0°C and inhibited by SB203580; subsequent rewarming suppressed enzyme phosphorylation (Figure 2A). To understand the temperature dependence of P38MAPK activation, platelets were incubated at different temperatures and the catalytic activity was inferred from the phosphorylation of ATF-2. After incubation for 4 h, optimal activation was found at 10°C. Conversely, the capacity of COX-1 to convert added AA to TxA2 and the catalytic activity of COX-1 were low at 0°C and increased at higher temperature (Figure 2B). A time course at 0°C showed rapid P38MAPK activation after 10 min which was accompanied by accumulation of free AA (Figure 2C). To confirm that free AA has apoptotic properties, ΔΨm was measured in fresh platelets incubated with exogenous AA. There was a dose-dependent increase in ΔΨm change, both at 0 and 37°C (Figure 2D). Apoptosis induction by endogenous AA was measured in cold-stored platelets with normal and lowered AA content (AA-depleted platelets, in short). These platelets were prepared by prior incubation at 0°C in normal BSA and FAF-BSA containing buffer respectively. AA-depleted platelets showed a 60% lower ΔΨm change than controls (Figure 2E). As expected, incubation with FAF-BSA lowered TRAP-induced TxA2 formation and aggregation (Online Supplementary Figure S1A-C). Subsequent repletion of AA stores restored these functions. Importantly, recovery of these functions was not accompanied by the induction of apoptosis (Online Supplementary Figure S1D).
[image: ]

Figure 2.Free arachidonic acid triggers platelet apoptosis. (A, left panel) Cold storage activates P38MAPK. Platelets without and with the P38MAPK inhibitor SB203580 (SB) were incubated for 10 min at room temperature (fresh), at 0°C (0 and 4 h) and 0/37°C (4 h/1 h), and phosphorylated P38MAPK was measured. (A, right panel) P38MAPK catalytic activity shown by the phosphorylation of ATF-2 after 4 h incubation at the indicated temperatures. (B) Temperature dependence of P38MAPK activity (catalytic assay, ■ - ■), COX-1 activity (bars) and the COX-1/Tx-synthase reaction (O - - O). COX-1 activity measured as relative luminescence units19 showed a 6-fold difference between platelets stored at 0°C or 37°C. Bars show % activity in platelet lysates at 37°C and 0°C (set at 100%). For measurement of the COX-1/Txsynthase reaction, platelets with blocked P38MAPK (SB203580), to prevent release of endogenous AA, were incubated for 60 min with 50 μM exogenous AA at the indicated temperatures and TxA2 was measured. (C) Time course of P38MAPK catalytic activity (■ - ■), and accumulation of free AA (O - - O) during incubation at 0°C. Platelets with blocked TPα-receptor to prevent TxA2-signaling were incubated for the indicated times at 0°C. Then, samples were collected for P38MAPK measurement and for a standard incubation for 60 min at 37°C to allow conversion of free AA to TxA2. (D) Exogenous AA triggers apoptosis. The change in mitochondrial membrane potential (ΔΨm) was measured in platelets incubated with 100 nM-100 μM AA for 10 min at 0°C (■ - ■), and 37°C (O - - O). AA concentrations up to 100 μM did not compromise cell integrity. (E) AA depletion decreases apoptosis. Platelets were incubated (4 h, 0°C) in buffer with normal BSA (open bars) and with FAF-BSA to lower platelet AA content (gray bar), and the ΔΨm change was measured.
At a physiological temperature, AA release contributes to aggregation and secretion through TxA2 formation and extracellular feed-back signaling. To investigate whether at 37°C, AA preserves apoptotic properties, normal and AA-depleted platelets were stimulated with the Ca+-ionophore A23187, the PAR-1 activator TRAP and the TxA2-mimetic U46619. In all conditions, stimulation led to a change in ΔΨm (Online Supplementary Figure S2A). In AAdepleted platelets, the ΔΨm change was much smaller (A23187) or virtually absent (TRAP, U46619). Thus, apoptosis induction by activators of platelet aggregation occurs mainly through AA. Blockade of the TPα receptor reduced the ΔΨm change by TRAP (Online Supplementary Figure S2B). Apoptosis induction by U46619 was virtually absent, confirming complete blockade of TPα. AA depletion further reduced the TRAP-induced ΔΨm change, but the ionophore response remained unchanged.
Regulation of the [14-3-3ζ-Bad] association by arachidonic acid
A key step in apoptosis induction is the release of 14-3-3ζ adapter protein from [14-3-3ζ-phospho-Bad] complex, inducing dephosphorylation of phospho-Bad, Bad activation and further signaling to pro-apoptotic Bax and Bak. We showed earlier that the ΔΨm change in cold-stored platelets is accompanied by a fall in [14-3-3ζ-Bad].2 To investigate whether AA contributes to this process, platelets with blocked TPα were incubated at 0°C (4 h) and subsequently incubated at 37°C (1 h) and the complex was measured in immunoprecipitates of Bad. Cold/rewarming induced a fall in [14-3-3ζ-Bad] (Figure 3A). At 0°C, the addition of AA decreased the complex (Figure 3B) and AA depletion prevented the decrease (Figure 3C). The 0/37°C-induced dephosphorylation of total Ser reported earlier2 was confirmed for phospho-Ser and also induced by added AA (Figure 3D). These data show that AA induces dissociation of [14-3-3ζ-Bad] complex and Bad dephosphorylation.
[image: ]

Figure 3.Arachidonic acid dissociates the [14-3-3ζ-Bad] complex. Measurement of [14-3-3ζ-Bad] in (A) fresh, 0°C- and 0/37°C-treated platelets, (B) fresh platelets and platelets incubated with 1, 10 and 50 μM AA for 10 min at 0°C, and (C) fresh and 0°C-treated platelets incubated with normal BSA (open bar) and FAF-BSA (AA-depleted, gray bar). (The shape of the spots is disturbed by the high albumin content of the medium). (D) Bad-Ser112 dephosphorylation in coldrewarmed platelets and platelets treated with AA.
Regulation of the [14-3-3ζ-cyclo-oxygenase-1] association by arachidonic acid
14-3-3 proteins are phospho-Ser/phospho-Thr binding proteins through specific interactions with Arg-X-X-X-Ser-X-Pro and Arg-Ser-X-Ser-X-Pro sequences.22 COX-1 contains two potential 14-3-3ζ binding sites (Arg-Thr-Gly-Tyr-Ser-Gly-Pro and Arg-Ile-Leu-Pro-Ser-Val-Pro; UniProt: KB-P23219). Immunoprecipitates of 14-3-3ζ of fresh platelets with blocked TPα confirmed the association of 14-3-3ζ with COX-1 (Online Supplementary Figure S3A). Cold storage induced a 40% fall and rewarming induced re-association. Addition of AA (0°C) induced a dose-dependent decrease in [14-3-3ζ-COX-1], and AA depletion prevented dissociation (Online Supplementary Figure S3B, C). These findings show that cold storage induced a fall in [14-3-3ζ-COX-1] through formation of free-AA, in parallel with the fall in [14-3-3ζ-Bad]. Rewarming restored the complex, to levels above those in fresh platelets, probably as a result of P38MAPK deactivation and removal of AA by TxA2 formation. The 14-3-3 bindings site Arg-Ile-Leu-Pro-Ser-Val-Pro of COX-1 is located in the catalytic site of COX-1 (amino acids 120-385). Indomethacin binds COX-1 at Tyr, forming a salt bridge between the carboxylate site of the drug and Arg, preventing binding of AA at Tyr Addition of indomethacin to cold-stored platelets should, therefore, displace 14-3-3ζ from COX-1. In fresh platelets, indomethacin induced a 30% fall in [14-3-3ζ-COX-1]. Incubation with AA (0°C) lowered the complex and again indomethacin induced a further decrease (Online Supplementary Figure S3D).
Cold-induced platelet apoptosis by arachidonic acid-mediated [14-3-3ζ−glycoprotein Ibα] association
Earlier studies in our laboratory showed that cold storage increases the 14-3-3ζ association with GPIbα and decreases the 14-3-3ζ association with Bad enabling Bad dephosphorylation and induction of apoptosis.2 To clarify the relation between the GPIbα pathway and the AA pathway, platelets were pretreated with OSGE to remove the GPIbα ectodomain and with SB203580 to arrest P38MAPK-mediated production of free AA. The separate treatments (Figure 4A) and the combination (data not shown) induced complete blockade of cold-induced ΔΨm change. Apparently, GPIbα and free AA are both essential components in the induction of apoptosis. Cold-induced P38MAPK activation and production of AA equivalents were insensitive to OSGE treatment and, therefore, independent of GPIbα (Figure 4B and data not shown).
[image: ]

Figure 4.Contribution of GPIbα and arachidonic acid signaling in apoptosis induction. (A) Both GPIbα and free-AA are essential for cold-induced apoptosis. Fresh and cold-treated platelets (4 h, 0°C) were incubated without and with OSGE (to remove GPIbα ectodomain) and SB203580 (to block P38MAPK), and the ΔΨm change was measured. (B) Cold-induced P38MAPK activation does not depend on GPIbα. Phosphorylated P38MAPK was measured in fresh and cold-stored platelets (4 h, 0°C) without and with OSGE treatment.
To clarify the contribution of GPIbα and AA in more detail, platelets were treated with 1, 10 and 50 μM biotinlabeled AA (biotin-AA). This treatment induced a dose-dependent association of 14-3-3ζ (Figure 5A). The fall in [14-3-3ζ-Bad] and [14-3-3ζ-COX-1] found earlier might, therefore, reflect transfer of 14-3-3ζ to AA. Interestingly, GPIbα also bound biotin-AA (Figure 5B) as did COX-1 (Figure 5C). In contrast, there was no binding of Bad to biotin-AA (data not shown). Together with 14-3-3ζ binding to GPIbα at 0°C2 and confirmed in AA-treated platelets (Figure 5D), these data suggest formation of an [AA-14-3-3ζ-GPIbα] complex upon cold storage.
[image: ]

Figure 5.Free arachidonic acid binds 14-3-3ζ, GPIbα and COX-1. Formation of a [AA-14-3-3ζ-GPIbα] complex. Platelets were incubated with 1, 10 and 50 μM biotin-AA (10 min, 0°C). Lysates from the same incubations were incubated with streptavidin-beads, centrifuged and analyzed for association with (A) 14-3-3ζ, (B) GPIbα and (C) COX-1. (D) AA-induced [14-3-3ζ-GPIbα] association. Platelets were incubated with 50 μM AA (10 min, 0°C) and 14-3-3ζ, was measured in immunoprecipitates of GPIbα.
Arachidonic acid depletion enhances in vivo survival of cold-stored platelets
Apoptosis induction by added AA was also observed in murine platelets and AA depletion inhibited the coldinduced ΔΨm change (Online Supplementary Figure S4A, B). The question of whether AA depletion would improve the survival of cold-stored platelets was addressed by incubating murine platelets for 4 h at room temperature (control) and for 4 h at 0°C in buffer with fatty acid free BSA (FAFBSA platelets), normal BSA (BSA platelets) and in buffer containing 1 μM AA. The platelets were then washed with protection by PGI2 and injected into recipient mice (Figure 6A). The recovery at 2 min after injection was ~80% for the controls stored at room temperature and the cold-treated FAF-BSA platelets (Figure 6B). For cold-treated BSA platelets and AA-treated platelets, recoveries were ~71% and ~56% respectively. The survival of FAF-BSA platelets (~88 hours) was better than that of platelets stored at room temperature (~79 hours) whereas BSAplatelets (~70 hours) and AA-treated platelets (~60 hours) showed much shorter survival. Thus, AA depletion prevents the cold-induced reduction of platelet survival.
[image: ]

Figure 6.Platelet survival in C57Bl/6 mice. (A-B) Mice platelets labeled with CMFDA were incubated for 4 h at room temperature (control) and for 4 h at 0°C either in buffer with fatty acid free BSA (FAF-BSA platelets), normal BSA (BSA platelets) and in buffer containing 1 μM AA. Then, platelets were washed with protection by PGI2 and injected into recipient mice. Blood was collected 2 min, 2, 24, 48 and 72 h after injection. (A) Recovery of platelets incubated at room temperature (RT) for 2 min (80.8±5.9) was set at 100%; other data points are presented relative to this value. (B) Recoveries and survival times of CMFDA-labeled platelets (means ± SEM of three mice in each group). Data statistically compared to either RT platelets (*) or BSA platelets [(*)]. (C) Schematic representation of apoptosis induction in cold-stored platelets. Cold releases free-AA from membrane phospholipids initiating (i) 14-3-3ζ translocation from phospho-Bad to GPIbα, (ii) dephosphorylation/activation of pro-apoptotic Bad, (iii) displacement of Bak and Bax from pro-survival Bcl-xL by Bad, (iv) Bak/Bax-induced permeabilization of the mitochondrial membrane, (v) cytochrome C (Cyt c) release and (vi) apoptosis.
Discussion
The main findings of this study are: (i) cold storage releases AA from membrane phospholipids, which accumulates since COX-1/Tx-synthase have little activity at low temperature; (ii) released AA induces formation of an [AA-14-3-3ζ-GPIbα] complex, inducing [14-3-3ζ-Bad] dissociation, Bad dephosphorylation and ΔΨm change; (iii) indomethacin increases AA accumulation enhancing apoptosis and releases 14-3-3ζ from COX-1; and (iv) AA depletion reduces apoptosis in vitro and improves the survival of cold-stored platelets in vivo (Figure 6C).
Cold storage activates P38MAPK, an upstream activator of cPLA2 and AA release, and inhibits COX-1/Txsynthase, suppressing the metabolism of AA to TxA2. P38MAPK is a member of the stress-activated protein kinase family and is especially sensitive to thermal stress.24 Chilling induces P38MAPK phosphorylation/activation when the temperature falls below 10°C. At this temperature, the platelet plasma membrane undergoes a phase transition which might be a trigger for P38MAPK phosphorylation. 25 P38MAPK phosphorylation by cold has been found in other types of cells, including hepatocytes,26 endothelial cells,26 brain,27 and in plants in which it is the result of phosphatase PP2A inhibition.28 P38MAPK is an upstream regulator of cPLA2 and mediates TxA2 formation in platelets stimulated with collagen,7 lipopolysaccharide,29 VWF30 and low density lipoprotein at 37°C.31 The Ca+ increase in cold-stored platelets32 together with the P38MAPK-induced phosphorylation of cPLA-Ser/Ser translocates the enzyme to the plasma membrane,33,34 inducing the release of AA. Induction of ΔΨm change, but not P38MAPK activation, depends on GPIbα. Chilling triggers desialylation of the receptor, exposing galactose and β-N-acetyl-D-glucosamine residues which become recognition sites for receptors on macrophages and hepatocytes. 35 Apparently, cold storage also makes GPIbα a participant in apoptosis induction.
Released AA induces an [AA-14-3-3ζ-GPIbα] complex by trapping 14-3-3ζ from [14-3-3ζ-Bad]. Dissociation of [14-3-3ζ-Bad] removes the constraint that prevents Bad dephosphorylation and activation.36 The role of AA as a Bad activator is supported by the ΔΨm change upon AA addition and its reduction in AA-depleted platelets. These data support earlier correlations found between free AA and cell death and formation of labeled 14-3-3 in [3H]AAneurons. 37 The introduction of biotin-AA confirmed that platelet 14-3-3ζ binds AA. An unexpected result was that GPIbα also binds biotin-AA. Apparently, cold-induced apoptosis by a GPIbα change2 and by accumulated free-AA (present study) act together in activating Bad. Earlier, Li et al. showed that at 37°C, VWF induced a ΔΨm change, caspase-3 activation and phosphatidylserine exposure in platelets and that a mutated 14-3-3-ζ binding site in GPIbα site abolished apoptosis induction in CHO cells.38 Thus, Bad activation in cold-stored platelets might have properties in common with VWF-stimulated platelets. Its importance in apoptosis induction is illustrated by the prolonged platelet lifespan in Bad mice.39
At 37°C, thrombin and a TxA2-analogue (U46619) affect the downstream target of Bad, the pro-apoptotic Bax, which translocates to the mitochondria and induces a ΔΨm change.5,40 Our studies show that free AA might mediate apoptosis induction by these agents. Without blockade of TPα receptor signaling, the ΔΨm change by TRAP and TxA2-analog was lowered by AA depletion, indicating the contribution of TxA2 formation and TPα signaling to ΔΨm. With TPα receptor blockade, a slight TRAP induction remained present, which completely disappeared in AAdepleted cells. The difference reflects the contribution of free AA in TRAP-induced apoptosis. The Ca+-ionophore A23187 triggers entry of extracellular Ca+ and is a potent apoptosis inducer independently of receptor activation. Without TPα blockade, the ΔΨm change was suppressed by AA depletion, but with TPα blockade, a mechanism for apoptosis induction independent of free AA and TxA2 signaling became apparent. Studies by Arachiche et al. confirmed that a high cytosolic Ca+ concentration is an independent inducer of platelet apoptosis.41
The COX-1 inhibitor indomethacin increased the ΔΨm change at 0°C in the absence of P38MAPK blocker but not with SB203580 present. Thus, at low temperature indomethacin facilitates the accumulation of free AA. Cold storage induced formation of [14-3-3ζ-COX-1]. Complex formation was optimal in fresh platelets, fell after cold storage and was restored to pre-treatment values and more after incubation at 37°C. These changes parallel variations in [14-3-3ζ-Bad].42 The capacity to bind 14-3-3ζ might be important, since indomethacin releases 14-3-3ζ from COX-1. Binding of 14-3-3 proteins depends on the phosphorylation status of specific Ser-residues on target molecules. Factors that control COX-1 Ser-phosphorylation might, therefore, contribute to 14-3-3ζ translocation. Apart from COX-1, 14-3-3 proteins are known to bind pro-apoptotic Bax,43 members of the GPIb-V-IX complex,2,44 GTPase-activating protein Rap1GAP2,45 phosphoinositide 3-kinase,46 c-Raf-1 and insulin receptor substrate-1.47 Trapping of 14-3-3ζ by accumulated AA might, therefore, affect many steps that control platelet functions.
Apoptosis induction by added AA was also observed in mouse platelets and AA depletion inhibited the coldinduced ΔΨm change. In vivo experiments showed that AA depletion improved survival of cold-stored platelets bringing it into the range of survival of platelets stored at room temperature. Phosphatidylserine exposure and platelet binding/phagocytosis by macrophages are downstream steps in cold-induced Bad activation.2 The improved survival of AA-depleted platelets might, therefore, result from decreased Bad activation. A problem of AA depletion is that it also impairs TRAP-induced TxA2 formation and aggregation, which would jeopardize hemostatic functions after transfusion. The finding that this treatment is fully reversible is important, since it opens ways to suppress apoptotic and hemostatic functions during storage with an expected normalization in the recipient. Equally important is the fact that during the recovery phase, the addition of AA does not start apoptosis, indicating that AA-depleted platelets give priority to restoration of AA stores in the plasma membrane.
The combination of cold and AA-depletion might significantly improve preservation conditions for platelet transfusion. Apart from suppressing bacterial growth, cold storage will decrease platelet energy metabolism extending the time the suspension medium supports metabolic ATP regeneration. Cold also increases the chance that artificial media can fully replace plasma and plasma-buffer combinations, lowering risks of virus infections and transfusion reactions.48 Furthermore, cold storage better preserves the platelets' capacity to aggregate and secrete their granule contents upon later stimulation at 37°C.49,50 AA depletion will reduce platelet activation during preparation of platelet concentrates, since mechanical disturbances can activate this metabolic pathway.51 Since this process is reversible, addition of AA prior to transfusion - or when transfused platelets bind plasma AA-albumin in the circulation - will fully restore hemostatic functions. Under in vitro conditions, normal platelets incorporate exogenous AA at a rate of 0.7 μmol/min/10 platelets, reaching saturation after 90 min (37°C).52 The uptake might be faster in AA-depleted platelets, but the kinetics of this process in vitro and especially in circulating blood and its implications for the arrest of bleeding remain subjects for further studies.
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